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ABSTRACT
The work in this thesis centres around direct equilibrium studies on the only two 
"soft" metal ions of the first row transition metals, low-spin d6 Fe11 and Cu1, in 
relation to the linear free energy relationship given below.
logK  = a.pK + b
It is shown that solid Na3[Fe(CN)5(NH3)], which hydrolyses rapidly in solution to 
give the unstable [Fe(CN)5(OH2)]3" complex, can be dissolved in 0.1 mol dm-3 
aqueous acetonitrile to give the much more stable complex [Fe(CN)5(MeCN)]3_ 
(log IC MeCN = 2.6 at 25°C, 1= 0.1 mol dnr3). This more stable complex can then 
be used as the starting point for determining equilibrium constants for ligand 
substitution (of MeCN, and thus indirectly of H20) on the "soft" low-spin d6 Fe11 
ion under equilibrium conditions and over a wide range of pH (3 to 13 at least). 
Over 30 equilibrium constants are determined by uv-vis spectrophotometry for a 
number of nitrogenous bases (from four different families; RNH2, imidazoles, 
pyridines and RCN), with additional data determined for a series of sulphur 
containing ligands, which show that RS', RCO.S', thiourea and RSH all form a 
single family. The linear free energy relationship is verified for each family of 
ligands studied, and in every case the value of a is shown to be ca 0, i.e. the 
equilibrium constant is apparently independent of the ligand basicity in both 
families of a-only and potential 7t-acceptor ligands. Similar data<#« obtained for 
the water soluble porphyrin, Fe11 MP-8 in 20% aqueous methanol, which also show 
a ~ 0 for three families (RNH2, imidazole and pyridines). This establishes that a 
near zero value of a to be characteristic of the low-spin Fe11 ion. The a-effect and 
the steric effect are also studied with both Fe11 complexes.
A m ethod is also described in which the values o f a can be sem i-quantitatively 
determined for the "soft" Cu1 ion, by equilibration o f solid CuCl in a 1 mol d n r 3 
aqueous solution o f  the ligand for one hour (25°C, pH 12, 1 = 0.1 mol dm -3) under 
hydrogen. Simple conversion to the Cun (EDTA) complex, after filtration, 
provides a suitable m ethod for determining the concentration o f copper solubilised 
after equilibration. Values o f  log [Cu]^ are determined for about 15 nitrogenous 
bases (as a means o f indirectly comparing the N-bases on the same basis), w ith  a 
ca 0 found for the three fam ilies studied (RTTfy, imidazoles and pyridines). A  co­
ordination num ber o f  2 is found for imidazole, and assumed throughout.
This work provides the first detailed study o f either o f the "soft1' first row  transition 
m etal ions, demonstrating that a is ca 0 in both cases (ef. other d6 and d 10 ions). 
D ata related to published w ork on various d6 and d 10 ions, and a rem arkable 
similarity betw een the behaviour o f  the two is demonstrated. The dataaflf, in turn, 
inversely correlated to the know n gas-phase d-s prom otion energies.
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Chapter 1 - General Introduction
1.1 INTRODUCTION
It has now long been considered1 that the role of the d orbitals is important in the 
binding of a wide range of ligands to transition metal ions, with many of the long­
standing theories having been built around this assumption. However, recent work 
on binary complexes in the gas phase2’3 has demonstrated that an inverse 
correlation exists between the d-s promotion energies and the M-H or M-C bond 
dissociation energies, providing strong evidence for the importance of the outer s 
orbitals, at least in the most covalent M-ligand bonds. Recently there has also 
been a particular interest in understanding the role of the metal in Fe porphyrins 
and Co corrinoids.4’5 This interest has been centred around the ability of d6 Co111 
to form stable cr-M-H and M-C bonds in aqueous solution, and the ability of Fe11 
(with which Co111 is isoelectronic) to co-ordinate ligands such as CO, phosphines, 
olefins and MeCN in both haemoglobin and simpler complexes such as 
[Fe(CN)5(OH2)]3".6 Therefore there is now a need to develop methods, applicable 
to multi-ligand complexes under normal conditions, to test for the importance of 
the outer s orbitals of the metal, firstly, in forming bonds to ligands which are 
unable to form 7i-bonds (e.g. amines and alkyls). The establishment of data for 
non-Tc-bonding ligands will then provide a reference point from which the 
importance of metal-to-ligand 7i-bonding can be assessed with other ligands such 
as CO and pyridines.
The broad aim of this thesis is therefore to gain sufficient data on ligand binding 
equilibrium constants in aqueous solution (through the use of basicity plots, see 
section 1.2) with the "soft" metal ions Fe11 and Cu1 in order to link up the recent 
gas phase data with that in aqueous solution, and thus try to shed light on the 
nature of the M-L bond, and help to begin to offer explanations for these unusual 
patterns of behaviour. A two-stage indirect approach was applied in order to do 
this (see section 1.3).
2
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The Fe11 complex [Fe(CN)5(OH2)]3' was selected for its single labile position and 
the ability to see the d-d spectra. A lot of kinetic data available for the ligand 
substitution reactiomof this complex and thus this work seeks to build on thesadata 
by providing values of log K determined under direct equilibrium conditions. The 
water soluble porphyrin Fe11 microperoxidase-8 (MP-8), with its single labile 
position but no d-d spectra available, was also chosen in order to check for the 
properties attributable to the low-spin d6 Fe11 alone. In the case of d10 Cu1 very 
few values of equilibrium constants are available in the literature, although a 
method developed here should enable the general patterns to be established.
3
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1.2 INTRODUCTION TO BASICITY PLOTS
The major theme throughout this thesis is the use of the linear free energy 
relationship (LFER)7 of equation (1), which is used as a means of determining and 
separating effects of basicity and other effects such as the steric effect. K is the 
equilibrium constant for the substitution of co-ordinated water by a given base and 
pK refers to the protonation of the unco-ordinated ligand.
logK  = a.pK + b (1)
In 1947 Bruehlman and Verhoek8 co-ordinated a number of nitrogen containing 
ligands to Ag1 and discovered that when the log of the stability constants were 
plotted against ligand pK, two straight lines existed; one for the primary aliphatic 
amines and the other for the substituted pyridines. They also suggested a third line 
existed for the secondary amines (and probably a fourth for the tertiary amines) 
although there was clearly insufficient data for any definite conclusions to be 
drawn. This work was followed up by several other groups in the years that 
followed. A more comprehensive family of amines were defined by Brown et al in 
1972 by including bases with nitrile substituents, giving lower pIC's,9 although 
there appeared to be a lack of suitable amines with pK < 5. Nakasuji et al co­
ordinated a series of imidazoles to Ag1 in 1969,10 while Berthon and Onea co­
ordinated a series of pyridines and diazines to Ag1 in 1973.11’12 Pratt and 
Hamza13"15 however were the first workers to show that pyridines and diazines 
form part of the same family and also to show that the imidazoles were a separate 
family, distinct from the pyridines and diazines. These latter workers were in fact 
the first to look systematically at the changes in log K with ligand pK, doing so 
with the Fem porphyrin MP-8, and with various Co111 corrinoids.13"18
4
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Well defined series of N-bases are now known falling into three discreet families;
(i) Simple amines (RNH2) with sp3 hybridised N
(ii) Azines and diazines, with sp2 hybridised N (i.e. 6-membered heterocyclic 
species hereafter abbreviated to 6H).
(ii) Azoles and diazoles (i.e 5-membered heterocyclic species, 5H) including 
the negatively charged imidazolate and triazolate ions, also with sp2 hybridised N.
A remarkable linear dependence of log K on pK as per equation (1) has been 
shown to exist for a number of families of ligands with various metal ions. Hence 
it is fair to conclude that the values of a and b are significant. The pK ranges 
available for each family cover up to 12 log units for 5H (1,2,4-triazole, pK 2.3 to 
imidazolate anion, pK 14.1), >9 log units for 6H (pyrazine pK 0.4 to 4-(Me2N)- 
pyridine, pK 9.8), but at present the RNH2 family spans only 6 log units from 
NH2CH2CN (pK 5.3) to MeNH2 ( 10 .6). No family of nitriles (with sp hybridised 
N) has yet been defined, although the ability of both Fe11 19 and Cu1 20-22 to co­
ordinate MeCN in competition with water (the only first-row transition metal ions 
to do so) obviously presents the opportunity to do so.
While in the case of the N-bases the ligand pKs are generally well known,23 the 
family of S-bases is much less well-defined. The range available for study is ca 14 
log units although pKs < 0 are only estimates.24 All of the S-bases studied contain 
sp3 hybridised and saturated S atoms (thus excluding ligands such as SO32- and 
SCty2-) except for thiourea which might, however, be considered in its resonance 
form as "SC(NH2)2+- Further problems exist with several S-bases since they 
contain donor atoms other than S itself. Therefore care must be taken in order to 
eliminate the other possible donors before inclusion in the series of S-bases. 
Furthermore no data am available to suggest whether or not the different kinds of
5
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available S-base (viz. RS', RSH, RSMe and also thiolacetic acid and thiourea) all 
form part of the same family.
The main N-bases, of each family, allow the effect of basicity alone on the value of 
log K to be explored in the absence of other complicating factors and also allows 
us to establish "family" effects, i.e. allows us to distinguish between different 
family series. In order to study other effects such as the a-effect and the steric 
effect, which increase and decrease the values of log K respectively compared to 
that expected from the ligand basicity alone, additional ligands were employed 
which were expected to behave abnormally rather than as expected through the 
basicity of the ligand alone.
The a-effect occurs when the atom next to the donor atom contains a lone pair, and 
has been observed almost exclusively as a kinetic phenomenon in organic 
chemistry, giving an enhancement of the observed rate constant.25 Its operation in 
inorganic chemistry has only recently come to light. The a-effect is known to 
occur with Fe111 and Co111, although the reasons behind its operation appear to be 
poorly understood. Its existence in inorganic complexes was first described by 
Hamza and Pratt in 1994,18 although 5 years earlier Abraham et al demonstrated 
its operation in H-bonding interactions 26 The main ligands used as probes for the 
a-effect are hydrazine, hydroxylamine and pyridazine, where the operation of the 
a-effect manifests itself by elevating the binding constant by ca 1 log unit (over 
that expected from the basicity alone). Since pyridazine is not a potential reducing 
agent and is also of fixed geometry its performance is perhaps more significant and 
easier to interpret. It is generally assumed that the binding of both hydrazine and 
hydroxylamine is via a single N atom, although r]2-co-ordination of both arc 
known with metal ions of few d-electrons (e.g. Mo).27’28 It is assumed that single 
atom binding predominates in the complexes studied here.
6
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The steric effect (in the case of amines) can be studied in the case of both a- and (3- 
branching and the set of ligands used for this purpose is well-defined.29 The 
major advantage is that the pK's of all of the sterically hindered amines are similar, 
and thus allow the effect of steric hindrance alone to be studied without the need to 
take into account the ligand basicity. For the substituted pyridines, comparison of 
2- and 4-Me-pyridine allows the steric effect to be determined. A number of 
studies have been done on the sterically hindered amines, with several different 
metal ions and different co-ordination numbers.30-36
7
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1.3 GENERAL APPROACH AND BACKGROUND TO THIS WORK
In this thesis, a two-stage indirect test has been developed in order to test for the 
role of the outer s orbitals. This approach involves;
(i) providing new experimental data on the co-ordination of N-bases by the "soft" 
low-spin d6 Fe11 and Cu1 ions, which together with published data, will identify 
any distinctive features in the co-ordination of ligands which are only capable of 
forming M-L a-bonds (e.g. amines and carbanions, and also H", thiols RSH and 
thiolates RS'), and establish parallels between the behaviour of the low-spin d6 
Fe11 and Com ions (with a filled t2g sub-shell) and the d10 M+ and M2+ ions, 
where any semi-covalent bonding has to involve the use of the outer s orbitals and 
maybe the outer p orbitals. For the purposes of this work, however, possible 
involvement of the outer p orbital is neglected at this stage.
(ii) showing an inverse dependence of the prominence of any distinctive features 
in the d10 ions on the d-s promotion energies, which provide a means by which the 
ease of covalent bond formation (involving the outer s orbitals) can be measured.
Recent work on the Cid-NFty bond in the solid state (by absorption of ammonia on 
solid CuCl)37 has shown that the Cul-NH3 bond involves a significant contribution 
from the 4s orbital. Gas-phase work2’3 on the d-s promotion energies for zero- and 
singly-valent transition metal ions has demonstrated that an irregular pattern exists 
down the di0 group. Tests for correlations to this irregular pattern will make it 
easier to separate any electronic effects from other factors such as changes in ionic 
radius or electronegativity.
It will be demonstrated in this thesis that the "soft" metal ions low-spin d6 Fe11 and 
d10 Cu1 co-ordinate amines, and other families of N-bases, according to the linear
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free energy relationship o f equation (1) with a value of a ca 0 suggesting that the 
binding o f N-bases is independent of the ligand pK, and also with a high, positive 
value o f b. This is in great contrast to the positive values o f a and low or often 
negative values o f b which are normally observed with other "harder" metal ions 
(see Section 7.2.3).
Many parallels exist between low-spin d6 and d 10 ions in both their higher (Co111 
and Hg11) and lower (Fe11 and Cu1) oxidation states. For example one can compare 
the ability o f Coin (and also Rh111 and Ir111)38’39 to form stable M-H and M-C 
bonds in aqueous solution to the ability o f Hg11 (but not Zn11 or Cd11) to form 
stable compounds such as HgMe+ and MeHgH 40 The only other transition metal 
ion, in the first row, known to form stable a-M -C or M-C bonds is d3 Crrn. These 
bonds are thermodynamically stable towards substitution by water as shown by 
(CN)2CH~ as a ligand to HgMe+ 40 and diaquocobinamide,41 and for H- in 
[Co(CN)5H]3-42
Taube6 has noted that low-spin d6 Fe11 and d 10 Cu1 share the ability to co-ordinate 
a number o f "soft" ligands such as CO, phosphines, thioethers and MeCN in 
aqueous solution, behaviour which is unique amongst the first row transition metal 
ions. This behaviour is matched by the heavier Ru11 and Os11 ions which even 
more remarkably have the ability to bind N2 and N20  in aqueous solution.43’44 
The heavier d 10 ions Ag1 and Au1 can also co-ordinate phosphines, thioethers and 
MeCN in competition with water.6 Recent work has provided examples o f CO 
bound to both Ag1 and Au1, which has provided evidence that M-CO 7t-bonding is 
relatively unimportant in these complexes 45-48
Orgel2 has shown that there is a correlation between a low d-s promotion energy 
and a preference for two strong covalent bonds (e.g. HgR2 and Ag(NH3)2+) over 
four less covalent bonds. The d shell alone is incapable of forming covalent
9
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bonds, so there must be a significant degree of ds hybridisation involved to enable 
these strong covalent bonds to form. Orgel, however, was primarily interested in 
using this correlation to help explain the observed stereochemistry. This work 
aims primarily to use these correlations to provide evidence as to the nature o f the 
bonding involved. Clearly the ability o f Hg11 to form stable M-H and M-C bonds, 
which is not shared by Zn11 or Cd11, can be correlated with the much lower d-s 
promotion energy o f the Hg11. It seems reasonable to suggest that the ability o f 
Co111 to form stable M-H and M-C bonds is therefore also attributable to a much 
lower d-s promotion energy, providing a significant degree of s character in the M- 
L bond. Therefore, the 2-stage indirect test, of this work, for the role o f s orbitals 
in the higher valent states already gives self-consistent results. A similar low d-s 
promotion and significant s character in the M-L bond may also be responsible for 
the ability o f the lower-valent "soft" ions, like the low-spin Fe11 ion, to form 
unusually stable bonds to CO and CH3CN.
The possibility o f  complications due to compensation between a -  and 71-bonding 
must first be eliminated. This can be achieved by establishing the parallels 
between the distinctive features o f  the co-ordination o f a-only  amines to the 
lower-valent d6 and d 10 ions, and thereby providing evidence for an inverse 
correlation betw een the prominence o f these features and the patterns provided by 
the d-s prom otion energies o f  the d 10 ions.
10
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1.4 INTRODUCTION TO Fe« PENTACYANIDES
With virtually no extensive data available for the co-ordination o f series o f either 
N - or S-bases to any Fe11 complex, the simple, readily available [Fe(CN)5(OH2)]3“ 
complex was selected for examination. A great deal o f interest was generated in 
the co-ordination chemistry o f the Fe11 pentacyanide during the 1950's and 1960's. 
Most o f the work, however, concentrated of the generation o f kinetic data for 
various reactions o f the complex (mainly ligand substitution reactions and 
mechanisms). Equilibrium constants for the substitution o f co-ordinated water 
were rarely obtained directly, but several were obtained either by using 
electrochemical methods (i.e. via the Fen/Fem redox couple)49 or by taking the 
ratio of the forward and reverse reactions (i.e. kf / kr).50’51 The fact that most o f 
the data available are at least 20 years old in itself suggests that a re-examination o f 
the data in the light o f current thinking would prove useful.
The [Fe(CN)5(OH2)]3“ ion was chosen for a number of reasons, which made it 
suitable for the purposes o f this work. Its simple preparation,52 and its solubility 
in water make it an ideal starting point. The five firmly bound cyanide ligands 
provide a single kinetically labile position, which is ideal for the study o f simple 
one-step ligand substitution equilibria, in addition to keeping the d6 Fe11 in its 
desired low-spin configuration. The pentacyanide complexes also allow the d-d 
spectra to be studied, which permits changes in the crystal field to be monitored 
(which is required to assess changes in the d-shell), and also provides a straight 
forward method through which the equilibria can be studied (i.e. by following the 
changes in the uv-vis spectrum). The pentacyanide complex, however, does carry 
a high negative charge, which may introduce complications to the equilibria 
through ion-pairing or coulombic interaction with charged ligands (cf. Fe11 MP-8 
net zero charge).
11
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It is evident that no systematic study of the co-ordination of nitrogenous bases to 
Fe11 pentacyanide is available, apart from data for a series o f substituted pyridines 
(equilibrium constants calculated indirectly from Fe^/Fe111 redox couple) which 
interestingly enough provides an apparently anomalous pattern with the values of 
K increasing as the pK is reduced (see below).49 Many other workers have studied 
one or two substituted pyridines and were presumably drawn by the formation of 
intense, often highly coloured, charge transfer bands on co-ordination.53
Published data provide evidence that Fe11 differs significantly from Fe111 and Co111 
in its behaviour towards N-bases. Davies and Garafalo reported in 1976 that Fe11 
pentacyanide will co-ordinate MeCN in competition with water (although no 
spectrum or log K was reported) ,19 while co-ordination of PhCN and several other 
aromatic nitrides to Fe11 pentacyanide was reported in 1978.54 Fe11 has also been 
shown to have a strong affinity for ligands such as aliphatic and aromatic nitroso 
compounds,55-57 which are not known to bind to Fe111 or Co111 in aqueous solution. 
Toma and Creutz reported in 197749 that the association constants for a series of 
substituted pyridines and diazines increase as the ligand basicity decreases, which 
was explained in terms o f the increase in the xc-acceptor capacity of the ligand as 
its pK falls. In other words the increasing metal-to-ligand 7t-bonding is 
superimposed on to the ligand-to-metal a-bonding and causes the overall value of 
K to increase as the pIC decreases. The authors admitted, however, that "the 
important effect o f ligand basicity had not yet been assessed." The only way that 
this can be achieved is by comparison with a series of saturated aliphatic amines, 
which exposes an obvious gap in our knowledge which is to be filled by this work.
The behaviour o f Fe11 pentacyanide in aqueous solution has been reasonably well 
examined, although there are a number of competing factors and equilibria,58-60 
varying markedly with the experimental conditions, and this has clouded and 
complicated matters somewhat. A co-ordinated cyanide in [Fe(CN)5(OH2)]3- is
12
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protonated with pK 2.6 (determined from the pH dependence o f the rate of 
reaction with Meprz+),61 while the pure aqua complex was found to ionise 
(forming the hydroxo complex) with pK > 13,19 but possibly as high as ca 17.62 
Dimerisation o f Fe11 pentacyanide was found to be largely dependent on the nature 
o f the cation, with the lowest dimerisation constant observed with Li+ (hence the 
regular use of LiClC>4 as the supporting electrolyte).63 Suppression o f Fe 
oxidation, which is normally accompanied by the generation of blue or green 
material, can be achieved by the addition of low concentrations o f ascorbic acid,49 
in addition to deoxygenation o f the solutions. The colouration is attributed to the 
formation o f the deep blue Fen/Fem  dimer.64-66
In 1973, Toma and Malin67 pioneered the now general practice o f using 
[Fe(CN)5NH3]3- as the starting complex, and preparing the aqua complex in situ 
by rapid hydrolysis on dissolution in water (ti/2 ca 40 s at 25°).68 This 
circumvented the problems highlighted by Emschwiller in 1964,58 who showed 
that an equilibrium exists between the monomeric aquo complex and some 
unidentified dimeric species (Linax at 440 and 385 nm respectively). It was also 
shown that this dimerisation could even occur in the solid state, thus vitiating the 
formation o f the aqua complex as a pure solid.60 A further pH-dependent 
equilibrium exists in aqueous solution, in which the ammonia ligand is displaced 
by water (with apparent pK ca 8.5 under normal conditions).69 This further 
complication has caused some confusion, and has occasionally been mistakenly 
attributed to the formation o f the hydroxo complex, by workers who have 
produced the aqua complex and subsequently raised the pH.70 The work described 
here (see Chapter 3) provides a method by which these problems can be 
circumvented for the purpose of studying ligand substitution equilibria across a 
wide range o f pHs through the use of the MeCN complex [Fe(CN)5(MeCN)]3_.
13
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1.5 INTRODUCTION TO MICROPEROXIDASE-8
In order to complement the data generated for the co-ordination of N- and S-bases 
to [Fe(CN)5(OH2)]3", and also to provide direct comparison to the data available 
for the co-ordination o f N-bases to Fe111 MP-8,13' 16 similar data would be 
desirable for the corresponding Fe11 MP-8. The structure o f MP-8 is given in 
Figure 1.1 below. Similarities and differences between the ligand binding 
properties o f the Fe111 and Fe11 MP-8 would be o f great interest to the bio-inorganic 
chemists. It would also be very useful to compare the data to that produced with 
[Fe(CN)5(OH2)]3_ in order to test whether any unusual features in the ligand 
binding are general to low-spin d6 Fe11 or purely specific to [Fe(CN)5(OH2)]3'.
Figure 1.1 - The Structure of Microperoxidase-8
14
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MP-8 is simply prepared by enzymatically treating cytochrome c. The result is a 
water soluble iron porphyrin covalently bound to a short peptide side-chain 
containing eight amino acid residues (hence the name MP-8) including His, the 
nitrogen o f which is axially bound to the iron. There 5 s  a series o f derivatives 
which can be prepared from cytochrome c, which all show some peroxidase 
activity and hence the name microperoxidase (MP).
The precursor to M P-8, MP-11, was first isolated by Tsou, prepared by the 
enzymatic degradation o f cytochrome c with pepsin.71-73 MP-8 itself was first 
described by Tuppy and Paleus74 by removing the tripeptide Val-Glu-Lys by 
treatment with the enzyme trypsin. Fe11 MP-8 is easily produced in thoroughly 
deoxygenated aqueous solution by addition o f solid sodium dithionite.
The advantages o f the use o f MP-8 for the study of ligand substitution equilibria 
are firstly its single kinetically labile position, providing simple one-step 
equilibria, and secondly the fact that the planar porphyrin ring does not hinder the 
approach o f the incoming base, thus keeping the steric interference to a minimum. 
It also contains a net zero charge, and thus the complications o f ions are avoided 
and provide a useful means for cross-checking the data for the [Fe(CN)5(OH2)]3_ 
ion. However, no d-d spectra are available with MP-8, and a number o f other 
interactions or equilibria (e.g. dimer formation, aggregation o f the porphyrin rings) 
render some determinations impossible.
MP-8 generally provides a good protein-free model for the haemoproteins. 
Haemoproteins perform many physiological functions75 especially oxygen binding 
(haemoglobin and myoglobin) and electron transport (cytochrome b and c) and 
catalysis o f several cellular reactions involving 0 2 and H20 2 (e.g. peroxidase, 
catalase, cytochrome P-450). Much is known about the biochemical reactions of 
these protein bound porphyrins but, paradoxically, comparatively little work has
15
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been published relating to their protein-free models, particularly in their reduced
Fe11 state. However Fe porphyrins in general are known to show unusual catalytic
or enzymatic activity, for example in the redox reactions linking NH2OH and N 0 2_
and in the recently discovered dehydration of oximes (RCH=NOH) to nitriles (RC 
sN).76,77
Little is known however about the behaviour of the Fe11 MP-8 in solution, and 
certainly no equilibrium constants for the co-ordination o f N- 01* S-bases are 
available. Studies o f the Fe111 MP-8 have normally been carried out in 20% 
aqueous methanol78 in order to hinder the dimerisation or aggregation of the 
porphyrin through the well described 71-71 stacking interactions79 in which the 
porphyrin rings align together, an effect which becomes more prevalent with 
increasing poiphyrin concentration. The same is also true for MP-1180 whose 
more complex behaviour in solution has meant that it is far less well studied than 
MP-8. It is not unreasonable to assume that the behaviour of the Fe11 MP-8 will be 
similar in solution to that of Fe111 MP-8, although the net zero overall charge in the 
Fe11 case may make some o f the interactions described (especially aggregation) 
more prominent.
Studies on the Fe11 MP-881 indicate that in alkaline solution a change occurs (pK 
13.3) which was attributed to either the deprotonation o f the axial His or the 
deprotonation o f co-ordinated water to form the hydroxo complex (cf. that for the 
Fe11 pentacyanide pK ca 17)62 in contrast to the much lower value (pK 8.9) for the 
analogous equilibrium involving the Fe111 MP-8,13 The Fe11 MP-8 spectrum in 
aqueous solution is reported to remain unchanged from pH 7.5 to 12, exhibiting 
the sharp, intense Soret band at 414 11m.81
Evidence for the existence of an equilibrium between low- and high-spin 
complexes is provided by Debois et a /.81 A study comparing the spectrum of Fe11
16
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MP-8 in aqueous solution (low-spin) to those recorded in 2% aqueous 
cetyltrimethylammonium bromide, 2% aqueous sodium dodecyl sulphate and 50% 
aqueous ethanol which produced spectra with the Soret band shifted to 428.5, 425 
and 432 mn respectively. The shifts were attributed to the formation o f a five-co­
ordinate high-spin complex a change brought about by the nature o f the solvents 
and their interaction with the porphyrin. However, in all three cases shoulders or 
side bands at ca 414 nm indicated that a small amount of the low-spin complex 
still existed. Conversely in 20% aqueous methanol the spectrum of Fe11 M P-8 
shows a significant shoulder on the side o f the Soret band {ca 430 nm) indicating 
the presence o f a small but significant quantity o f the high-spin species. However, 
on co-ordination o f a nitrogenous base this shoulder is completely lost forming a 
complex o f purely low-spin Fe11 MP-8.
The aims are (i) to fully establish both the range of pH and the range o f 
concentration available for study with Fe11 MP-8, and also (ii) to provide the first 
ever equilibrium constants for the co-ordination of N- and S-bases to Fe11 M P-8.
17
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1.6 INTRODUCTION TO Cu1 COMPLEXES
Having performed a fairly extensive study on the co-ordination o f N-bases to two 
quite different Fe11 complexes the next obvious stage, bearing in mind the "soft" 
nature o f the Fe11, is to obtain similar data for the co-ordination o f N-bases by the 
only other "soft" metal ion in the first-row transition metals, namely Cu1. 
However, the co-ordination chemistry of Cu1 is associated with a number of 
difficulties and this is presumably why it has not been well defined. The low 
solubility o f most Cu1 salts, and the lack o f any d-d spectra are just two o f the main 
problems associated with the determination of equilibrium constants in aqueous 
solution. Therefore in order to obtain any data one has to begin from a solid Cu1 
compound, such as CuCl, as employed by Arhland and Rawsthorne82 in the study 
o f the equilibrium between Cu1 and Cl".
The general instability o f aquated Cu1 in [CuI(H2 0 )n]+, which disproportionates to 
form Cu° and Cu11, vitiates its use a a starting material83 (cf. the apparent 
instability o f [Fe(CN)5(OH2)]3'). Cu1 is also very susceptible to oxidation by Cty, 
and thus it must be handled under a reducing atmosphere.84 Hydrogen gas was 
selected because of its possible reducing power, with Cu, which may help to keep 
the copper in its mono-valent oxidation state and remove any O2 present. Use of 
CuCl at high pH is also complicated by the formation of CU2O.85
Consequently, while virtually no data available for the co-ordination o f N-bases 
to Cu1, complexes involving Cu11 are much more extensively studied due simply to 
their greater solubility and ease o f study. The ease o f formation of the sky blue 
CuE(EDTA) complex,86 from Cu1 species in the presence of 0 2, provides a simple 
method by which the amount o f copper taken into solution can be determined.87 
although its solubility is low, and slow to dissolve and thus will probably not 
interfere with the co-ordination of a base.
18
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In view of the difficulties in handling Cu1, a semi-quantitative method has been 
developed here by which the general patterns can be established. As a means o f 
comparing the ligands tested values o f log [Cu]N are used, in which the 
concentration is defined as the total Cu dissolved after one hours equilibration in 
the presence o f a base, with subtraction of the blank Cu concentration (see Section
2.3.2).
19
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1.7 AIMS OF THE THESIS
The main aims o f the work presented here in this thesis are to:
(i) Develop standard methods for determining equilibrium constants for the 
"soft" metal ions (i.e. log K for Fen (CN)5B and Fe11 MP-8; log [Cu]^ for Cu1).
(ii) Extend the families of N-bases available to include bases o f lower pK; and 
in addition to the three well defined families of N-bases (viz. RNH2, 6H and 5H) 
develop studies on a family o f nitriles with sp hybridised N; and also to look at 
some S-bases by testing whether RSMe, RSH and RS- all form a single series.
(iii) Determines values of a and b in the linear free energy relationship o f 
equation (1) for both Fe11 and Cu1 with N-bases and S-bases to test for the 
following: (a) Whether these two "soft" ions share any distinctive features which 
clearly separate them from the "hard" Fem and Co111 ions, and also to use data 
from the literature to support any conclusions; (b) Whether two different ligand 
environments (viz. [Fe(CN)5(OFl2)]3" and Fe11 MP-8) share the same distinctive 
characteristics, and thus determine whether they reflect the behaviour of the metal 
ion, independent its ligands, (c) Whether potential 7T-acceptor ligands such as 
RCN, pyridines, CO and RSMe share the same characteristics as the a-only donors 
such as RNH2 and RS", and thus indicate whether or not the 7i-acceptor capacity o f 
the ligand is significant over its a-donor capacity.
(iv) Use published data, in conjunction with this data, to test for any positive 
inverse correlation between the prominence of the distinctive features o f "soft" 
metal ions and the d-s promotion energies of the d 10 M+ cations.
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(v) Establish whether any differences exist between "soft" and "hard" metal 
ions towards the operation of the steric effect and the a-effect, and also to test for 
any other minor effects such as solvation or ion pair formation.
21
Chapter Two
Materials and Methods
2.1 Materials and Reagents 23
2.1.1 Preparation of Sodium Pentacyanoamminoferrate (II) 23
2.1.2 Preparation o f  Microperoxidase-8 23
2.1.3 General Reagents 24
2.1.4 Buffer Solutions 27
2.2 General Techniques and Methods 28
2.2.1 UV-vis Spectrophotometry 28
2.2.2 NMR Spectroscopy 28
2.2.3 High Performance Liquid Chromatography 28
2.2.4 pH Measurements 29
2.3 Determination of Equilibrium Constants 30
2.3.1 Determination o f log K with Fe11 30
2.3.2 Determination o f log [Cu] with Cu1 31
C hapter 2 - M aterials and M ethods
2.1 MATERIALS AND REAGENTS
2.1.1 Preparation of Sodium Pentacyanoammineferrate (II)52
Sodium nitroprusside and .880 ammonia solution were both obtained from BDH 
and were used as received. Sodium nitroprusside (3 g) was dissolved in .880 
ammonia solution (10 ml) and cooled in an ice bath for 10 minutes. The solution 
was then allowed to warm up to room temperature for 30 minutes after which time 
the flask was stoppered and place in a refrigerator (4°C) for 24 horns. The yellow 
precipitate was collected by vacuum filtration, washed with cold methanol (5 ml), 
cxs L&jxyz,^ anfi dried in a vacuum desiccator. Samples were sent for microanalysis; expected 
C = 18.41%, H = 2.78%, N = 25.77%; actual C = 17.20%, H = 2.81%, N = 
25.99%. The slightly low C analysis was attributed to the presence o f a small 
amount o f the ammonium ion replacing sodium as the counter-ion. Further 
product could be obtained from the mother liquor by addition o f methanol, 
although this second precipitate proved less pure and was therefore not used in any 
o f the experiments described. The final dried product was stored in a refrigerator 
at 4°, and was stable for several months.
2.1.2 Preparation of Microperoxidase-813>88
Cytochrome c (horse heart type III), trypsin and pepsin were obtained from Sigma 
and used as received.
Cytochrome c (200 mg) and pepsin (5 mg) were dissolved in H20  (3 ml). Dilute 
HC1 solution was added to adjust the pH to 2.6 and the flask was stoppered and 
incubated at 25° for 18 hours. Further pepsin (5 mg) was added and the flask was 
incubated for a further 16 hours at 25°. The pH was raised to 8.5 by addition o f a
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dilute ammonia solution. The reaction mixture, containing mostly MP-11, was 
purified by column chromatography on biogel, eluting with 0.1 mol dm-3 
ammonium bicarbonate. The absorbance of each fraction was measured at 423 nm 
(Soret maximum o f M P-11) and the most concentrated fractions were pooled. A 
sample o f the MP-11 was retained for HPLC analysis. To the rest of the MP-11 
solution trypsin (5 mg) was added, and the solution was incubated at 37° for 24 
hours. Further trypsin (5 mg) was added and the solution was incubated for 
another 24 hours after which the tryptic activity was destroyed by boiling the 
solution for 5 minutes, yielding the MP-8 solution. The MP-8 was precipitated by 
addition o f ammonium bicarbonate, and isolated by centrifugation (10 mins at 
7000 lpm) and freeze dried. The product was confirmed as MP-8 by its uv-vis 
spectrum, and by HPLC against a known sample of MP-8 (see Section 2.2.3). The 
solid MP-8 was stable when stored in a refrigerator at 4°.
2.1.3 General Reagents
Copper (I) chloride was obtained from Aldrich and was used as received. The 
bottle was swept with nitrogen each time it was closed in order to suppress any 
oxidation, within the bottle itself, on standing.
Most of the chemicals used were o f analytical grade (>98% pure) and obtained 
from suppliers as shown in Table 2.1 below. All were used as received with the 
exception o f imidazole which was further purified by recrystallising from ethanol. 
Some compounds were supplied as their respective HC1 salts and thus had to be 
neutralised by addition o f NaOH in order to avoid overwhelming o f the buffer 
solutions used.
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Table 2.1 - Source of General Reagents
Supplier Chemical Supplier Chemical
Aldrich sulfamic acid Lancaster t-BuNH2
n h 2o h . h c i Pyrazine
NH2CH2CH2Br.HBr cyanoacetic acid
glycine Sigma NH2CH2CN.HC1
ethylenediamine n h 2c h 2c h 2c n
ethylamine trH
i-PrNH2 1-Me-imH
4-CN-pyr cyanamide
prdz KSCN
pyridine dithioerythritol
4-picoline BDH n h 2n h 2.h 2o
2-picoline methylamine
4-NH2-pyr Me2NH
4-Me2N-pyr Me3N
1-ac-imH £>L** methionine
5-Cl-l-Me-imH thiourea
imH Na2S20 3
L- - cysteine Fisons acetonitrile
t>L- • N-ac-met Fluka CF3CH2NH2
o-ethylxanthic acid
thiolacetic acid
Other compounds were prepared as described below:
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M ethylpyrazinium Salts89- Pyrazine (2 g) was dissolved in acetone (10 ml) and 
Mel (2.5 ml) was added. The mixture was thoroughly mixed and placed in a water 
bath at 30° for 100 horns after which a significant yellow precipitate had formed. 
The solid was collected by vacuum filtration and washed with further. The 
product was then reprecipitated from ethanol by adding ethyl acetate dropwise, 
washed with chloroform and dried by vacuum desiccation. The overall Meprz 
iodide yield was 40% after 100 hours. The methylation was confirmed by 
NM R in D20  or dg-DMSO, and by microanalysis; expected %C = 27.02, %H = 
3.15, %N =  12.61; found %C = 26.95, %H = 3.14, %N = 12.33. The melting point 
was determined as 135-137°, lit. 136°.89
The colourless Meprz tosylate salt was prepared by the same method using methyl 
tosylate instead o f Mel. The product was identified by NMR and 
microanalysis; expected %C = 54.14, %H = 5.26, %N = 10.53; found %C = 54.60, 
%H = 5.40, %N = 10.20. The melting point was 185-187°.
Methyl-4-cyanopyridinium Salts9® - 4-cyanopyridine (2.6 g) was dissolved in 
acetone (10 ml) and Mel (2.5 ml) was added. After thorough mixing the vessel 
was placed in a water bath at 30° for 60 hours after which time significant orange 
precipitate had formed. The precipitate was collected by vacuum filtration and 
reprecipitated from ethanol by ethyl acetate. After washing with chloroform the 
product was dried by vacuum desiccation. The overall yield was 75%, and the 
product was identified by i f !  NMR in dg-DMSO and microanalysis; expected %C 
=  34.15, %H = 2.85, %N = 11.38; found %C = 34.18, %H = 2.78, %N = 11.13. 
The solid was found to decompose at ca 195°, cf. lit. 195-197.5°, decomposes.90
The general method used to make these methylated salts was a vast improvement 
on that published by Bahner and Norton in 1950,89 in which the reaction time was 
as much as 24 days! The use o f acetone as the solvent and a temperature of 30°,
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yields crystals o f the desired product within 24-48 hours depending on the salt 
being prepared. The reaction o f methyl tosylate with pyrazine was qualitatively 
followed by *H NM R at 35° in giving an observed rate constant, kobs ca 5 x 10' 5
2.1.4 Buffer Solutions91
Buffer solutions were prepared according to published methods using doubly 
distilled water, with the addition of sodium perchlorate to adjust the ionic strength 
( /=  0.1 mol dm"3). The buffers employed and their pH ranges are given in Table
2.2 below.
Table 2.2 - Buffer Solutions used and their pH Ranges
pH Range Buffer
3-4 phthalate/HCl
4-5.8 phthalate/NaOH
5.9-8 dihydrogen phosphate/NaOH
7-9 tris/HCl
8-9.1 borax/HCl
9.2-10 borax/NaOH
10-11 bicarbonate/NaOH
11-12 hydrogen phosphate/NaOH
12-13 KCl/NaOH
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2.2 GENERAL TECHNIQUES AND METHODS
2.2.1 UV-Visible Spectrophotometry
Spectra were recorded using a Philips PU8740 or PU8720 spectrophotometer, 
fitted with a sample compartment thermostatted at 25° ± 0.2°. Wavelengths were 
calibrated against a Holmium glass filter, and samples were usually o f 1 cm 
pathlength (quartz cells) although in some experiments the pathlength was varied 
from 0.2 to 4 cm.
2.2.2 *H NMR Spectroscopy
Spectra were recorded on a B raker 300.13 MHz spectrometer, while quick 
qualitative spectra were recorded using a Jeol PMX60si 60 MHz spectrometer. 
Solvents employed were either dg-DMSO or D20 , and spectra were run referenced 
against TMS. and OSS r e s p e c R v z i j  ■
2.2.3 High Performance Liquid Chromatography13
Samples o f MP-8 and MP-11 (10 pi) were injected into a Waters C18-bondapak 
reverse-phase HPLC column (3.9 x 300 mm) linked to a Spectra-Physics SP8700 
gradient system. The detector was a Kontron Instruments, Uvikon 735LC UV 
detector, monitoring the eluting components at 397 nm (MP-8 Soret band). The 
flow rate was 1 ml/min, and two solvents were used in the gradient system; A - 
60% MeCN solution with 0.1% trifluoroacetic acid added and B - Water. Solvents 
employed were of HPLC grade, and were continuously degassed by a flow o f 
helium throughout the experiments. The gradient system employed is given in
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Table 2.3 below. Chromatographs were recorded on a suitable chart recorder 
running at a speed of 200 mm/hour.
Table 2.3 - Solvents used for HPLC 
(A - 60% MeCN, 0.1% trifluoroacetic acid; B - water.)
Time / mins % Solvent A % Solvent B
0 43 7
8 57 43
12 100 0
25 100 0
2.2.4 pH Measurements
A Hanna HIB 417 pH meter fitted with an appropriate glass electrode was used to 
measure the pH as required. The meter was calibrated against Russell buffers of 
pH 4 and 7 or 7 and 10 depending on the pH range required.
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2.3 DETERMINATION OF EQUILIBRIUM CONSTANTS
2.3.1 Determination of log K with Fe11 Complexes
All equilibrium constants were determined spectrophotometrically in 0.1 mol dm-3 
aqueous MeCN (pentacyanides) or 20% aqueous methanol (MP-8), for the single- 
step substitution o f co-ordinated water. The presence of MeCN or methanol was 
assumed to have no effect on the pH or on the pIC's of the ligands. The equilibrium 
constant, K, represents that for the following general equilibrium.
X-Fe-OH2 + Z = X-Fe-Z + H20  (2)
where X represents the other non-labile ligands, Fe represents Fe11 and Z the 
incoming ligand. The charge on the complexes is ignored for simplicity, and for 
the equilibium constants the molarity is used and not the activity. The equilibrium 
constant is defined by the generalised equation (3).
K = [X-Fe-Z] /[X -Fe-O H 2][Z] (3)
Qualitative experiments established whether or not a simple equilibrium existed, 
shown by the presence o f isosbestic points, and also showed the point where the 
maximum relative change in absorbance occurred. The pH for a given titration 
was largely determined by the pK o f the incoming ligand with pH generally > 1 .5  
log units above the pK o f the base. The pK for conversion o f the aqua complex to 
the hydroxo complex was assumed to be well above the range used (i.e. > 14).61 
The equilibria were followed by uv-vis spectrophotometry, with the loss o f the 
starting material, or more usually the formation o f the product being followed. 
The change in absorbance at a given point was followed with increasing [Z]. 
Plotting A against [Z] provided an asymptotic plot, and where required this was
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extrapolated to give the end point. The equilibrium constant was then determined 
directly from the log-log plot where log {(Ax - Aj)/(Aco - Ax)} is plotted against
log [Z]. The negative o f the intercept where log [Z] = 0 gave the value o f log K0bs.
For equilibria involving the Fe11 pentacyanides the presence of 0.1 mol dm-3 
MeCN meant that values determined were for the substitution o f co-ordinated 
MeCN. These were corrected to give values of log K for the substitution o f co­
ordinated water through use o f equation (4) below, where o  is the true binding 
constant for the substitution o f co-ordinated water, K0^s is the observed 
equilibrium constant, [MeCN] is the MeCN concentration used in the given 
experiment (usually 0.1 mol d n r3) and KMe(2N is the binding constant for the 
substitution of co-ordinated water by MeCN (determined as 2.6).
l0S KH2O = logKobs + log [MeCN] + logK MeCN (4)
2.3.2 Determination of log [Cu]^ with Cu1
Solid CuCl was equilibrated for 1 hour under H2 in aqueous solution at pH 12 in 
the presence o f 1 mol dm-3 N-base, 0.1 mol dm-3 NaCl and solid Cu powder. The 
supernatant was then removed from the undissolved material by filtration and 
copper concentrations were then determined spectrophotometrically after addition 
o f EDTA in air which formed the Cun(EDTA) complex, X,max 732nm with known 
Amolar (see Section 6.2). Subtractions were made in each case for the [Cu] 
dissolved under the same conditions in the absence o f a ligand (see Section 6.3.1). 
The general equation for the calculation o f log [Cu]N is given below (equation 5).
log [Cu]N = log {(A732/89) - ([Cu]biank)} (5)
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3.1 INTRODUCTION
3.1.1 Advantages in using Fe11 Pentacyanide
Unlike the Fe11 MP-8 system (dealt with in the next chapter) the Fe11 
pentacyanide complexes allow us to study the d-d spectra (except where obscured 
by CT bands), and thus allows the crystal field effects to be studied. There are 
not that many cases of "soft" metal ions where this is possible, and this approach 
is certainly impossible with Cu1 (see Chapter 6). Furthermore the pentacyanide 
complexes (and M P-8, see Chapter 4) simplify the study o f equilibria since they 
contain a single, kinetically labile position at which the substitution can take 
place. Therefore the straight-forward determination of a wide range o f single- 
step, ligand substitution equilibrium constants is possible. Other advantages o f 
the pentacyanide complexes include their ease o f formation and their solubility. 
In conjunction with the results of the next chapter, on Fe11 MP-8, information can 
also be gained as to the dependency o f the metal centre on its ligand environment 
(i.e. how the other five ligands effect the binding o f the N-bases). However, the 
instability of the [FeII(CN)5(OFl2)]3‘ ion has previously made studies of direct 
equilibria difficult, and hence the use here of the acetonitrile complex (see 
Section 3.3.2).
3.1.2 d-d Spectra
The d-d spectra o f Fe11 pentacyanide complexes with different N-bases are o f 
particular interest since they can provide valuable information on the crystal 
field, but in some cases they are obscured by the far more intense CT bands. CT 
bands are observed with the 6H series (azines) with Amojar typically 4-12 x 103 
M"1 cm-1, and the band moving to longer wavelength as the electron density on
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the ring decreases (see Section 3.3.5). CT bands are also observed with aromatic 
nitriles (e.g. PhCN)54 and imidazoles with strongly electron-withdrawing 
substituents (e.g. 4 -N 0292 and 2-CHO).93 No CT bands have been reported for 
the coordination o f an sp3 N  (RNH2), except in the case o f p-aminophenol.94 All 
o f the d-d bands observed (see Section 3.3.1) fall into the range Xmax = 350-450 
nm and are symmetrical with similar intensities, Amo}ar 300-700 M"1 cm-1. No 
d-d spectra have previously been reported for any non-aromatic nitriles and this 
chapter includes those for four unconjugated nitriles (see section 3.3.6). Spectra 
for a wide range o f N  containing ligands are reported, and compared to the 
literature where data are available.
3.1.3 Ion Pairing and Other Outer-sphere Interactions
The role o f outer sphere interactions such as ion-pair formation is unclear and 
generally insignificant in ligand substitution equilibria, although ion-pairs are 
established and separated from ionic strength effects in the case o f the K+ cation 
with both [Fen(CN)6]4- (log K 2.3,95 2.37,96 2.35)97 and [Fem (CN)6]3~ (log K
1.2).98 Since our Fe11 pentacyanide complexes have the same charge as the 
ferricyanide it is reasonable to expect the Fe11 pentacyanides to promote the 
formation o f ion pairs, or lead to other unusual interations in the outer sphere. 
The possible effect o f ion-pairs on equilibrium constants is not yet fully 
understood, although the wide use of indirect methods for calculating values o f 
log K has probably led to many o f these effects not being previously detected. It 
appears that only when the equilibrium itself is being followed can the subtle 
effects of outer sphere interactions be detected.
I
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3.1.4 Basicity, Steric and a-Effects
Although this work is mainly interested in establishing the effect o f ligand 
basicity on the binding constant, log K, there are some cases in which one would 
expect the values o f log K to be either suppressed (steric effect) or enhanced (a- 
effect).
The study o f the steric effect with the simple amines can be divided into two 
distinct categories, those o f a-branching (i.e. increasing substitution on the donor 
N  atom) and p-branching (i.e. substitution on the C atom adjacent to the donor N 
atom). With the exception o f Me3N (pK = 9.76)23 all o f the sterically hindered 
bases have a pK very similar to that of the parent MeNH2 with which they are all 
compared (i.e. pK = 10.6 ± 0.1),23 hence any observed suppression of the binding 
constant can be attributed solely to the effect of an increasing steric effect, 
independent of the ligand basicity. Traditionally, the steric effect has been 
studied mainly through the use o f sterically hindered amines, and also through 
the use o f 2-picoline in the substituted pyridine family. The steric effect was 
studied extensively by Hamza, using Fe111 MP-8 and Co111 Cbl, 13 and in the case 
o f both a - and p-branching, as the ligands became more bulky and thus more 
sterically hindered, the binding constants were markedly suppressed below that 
expected from the ligand basicity alone. No systematic study o f the steric effect, 
using directly determined values of log K, is available for any Fe11 system. The 
steric effect has, however, been studied on the 'soft' metal ions Ag1 29-32 anc[ 
HgMe+;33 both show suppression of log K with a -  but not p-branched amines, 
strikingly different to the "hard" metal ions in which log K's are suppressed in the 
case of both a -  and P-branching (see Section 7.2.4). The steric effect o f a 
number of amines has also been studied through the rates of displacement o f L in 
the square planar* cis-[PtnPh2(CO)(L)] (where L = SEt2 and 5-aminoquinoline). 
The data appear to show a much greater suppression o f the second order rate
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constant in the case o f a-branching, but the data on (3-branching is too limited to 
draw firm conclusions." Large suppressions of log K were observed in both a -  
and p-branched amines, as for Co111 and Fe111.29’13
Three bases are available as probes, to test for the a-effect. These are 
hydroxylamine and hydrazine (both simple aliphatic amines), and pyridazine 
(substituted pyridine) which were all first shown to be 'a-effective' ligands in 
metal complexes by Hamza and Pratt.18 Prior to this the a-effect has only been 
assigned in H-bonding towards 4-nitrophenol in 1,1,1 -trichloroethane26 outside 
the field o f organic chemistry where its enhancement o f reaction rates has long 
been realised 25
3.1.6 Aims of this Chapter
The main aims are to determine equilibrium constants for the substitution o f 
coordinated water in the low-spin d6 Fe11 pentacyanide(aqua) for a range of N- 
bases, first developing a general method through which this can be achieved 
using direct equilibria in aqueous solution, and thus:
(i) Test the validity o f the LFER of equation (1), and hence determine values o f 
a and b for each o f the series o f N-bases, giving a "baseline" from which other 
effects (i.e. t c -bonding, the steric effect and the a-effect) can be quantified; and 
furthermore, check the agreement o f this work with the previously published data 
o f Toma and Creutz on the pyridines, indicating a slope a o f < 0.
(ii) Compare the values o f a and b in order to ascertain the role 7i-bonding and its 
effect on the value o f a, with particular attention being paid to the simple amine 
series where the M-L bonding is a-only.
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(iii) To find bases which enable the series to be extended to much lower pK 
values than were previously practical in other systems, particularly for the amine 
series where low pK bases have scarcely been used previously for ligand 
substitution studies o f this kind.
(iv) To test for, and develop, a series o f nitriles on which there has been very 
little work done previously.
(v) Test for the operation of the a-effect in the Fe11 pentacyanide system, using 
hydrazine and hydroxylamine as probe ligands for the simple amine series and 
pyridazine for the substituted pyridines.
(vi) Test for the extent of the steric effect for the Fe11 pentacyanide system by 
using a set o f sterically hindered amines and also 2-picoline.
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3.2 EXPERIMENTAL
3.2.1 Determination of Equilibrium Constants K
The equilibrium constants for the substitution of co-ordinated water were
determined through the use o f the acetonitrile complex (see section 3.3.3 below),
although some experiments required the use of the less stable aqua complex. All
spectrophotometric titrations were carried out at 25°, with a 1 cm cell pathlength,
and I  = 0.1 mol dm-3, adjusted by the addition of NaC104. Side reactions were
OA)
largely suppressed by thorough deoxygenation^and addition of 10'3 mol dm-3
(oK$ccrh\C
ascorbate. Each experiment contained approximately 10"4 mol d n r3 o f the Fe11
A
complex, and the titration was followed by measuring the change in absorbance 
at a single wavelength, usually at the Amax of the product, although the decrease 
o f the starting complex was followed in some cases.
The experimental data used to give the value of log Kobs, by plotting log 
{Ax-A{/A0O-Ax}against log [base], taking the negative of the intercept at x = 0,
and where necessary this value was further corrected to account for the presence 
o f MeCN (see below). This plot also served to confirm the stoichiometry o f the 
equilibrium (i.e. slope of +1 proved a stoichiometry o f 1 base per Fe). In cases 
where the aqua complex was employed as the starting complex, log K was 
simply determined as the negative o f the intercept of the log-log plot at the 
abscissa. However, in the majority o f determinations the MeCN complex was 
used as the stalling point and thus log K's required correction for the binding o f 
MeCN over water. The binding constant of MeCN, for the substitution of co­
ordinated water (see below) was calculated as log K = 2.6, hence the following 
equations (6 and 7) were used, where KW_B is the equilibrium constant for the 
substitution o f co-ordinated water by the incoming base; K\v-MeCN the 
equilibrium constant for the substitution of co-ordinated water by MeCN;
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K'MeCN-B 1S equilibrium constant for the substitution of co-ordinated MeCN 
by the incoming base; Kobs is the observed equilibrium constant in the given 
experiment (found as described above); and [MeCN]exp is the MeCN 
concentration in the given experiment (normally 0.1 mol dm-3). Log K is the 
final binding constant, determined for each base and defined as the equilibrium 
constant for the substitution o f co-ordinated water.
K\V-B =  K W-MeCN*K ’MeCN-B =  K W-MeCN-K obs*[M e C N lexp (6 ) 
logK  = log Ko5s + log [MeCN]exp + 2.6 (7)
3.2.2 Determination of pKc and pKa of Complexes
It was necessary to determine the pKc of complexes where the incoming N-base 
possessed a second amine function equivalent to that which had co-ordinated 
(e.g. hydrazine and ethylenediamine). The method used for this was to form the 
complex in unbuffered alkaline solution (at a pH above the pKc), with NaC104 
added to ensure that at the beginning of the pH titration at least 1= 0.1 mol dm-3. 
Addition of perchloric acid served to reduce the pH (measured by pH meter), and 
the uv-vis spectrum was taken after each addition. Reasonable isosbestic points 
were obtained, and the pKc was determined graphically from the plot of A 
against pH. In the case o f hydrazine the starting and finishing spectra differed in 
absorbance by < 2%, and to reduce error it was preferable to use the change in 
wavelength rather than absorbance. Addition of hydroxide at the end o f each 
titration reproduced the initial spectrum, within experimental error (accounting 
for dilution and decomposition effects), thus proving the reversibility o f the 
proton dependent equilibrium under investigation.
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The apparent pKa o f the aqua complex, prepared by dissolution of the NH3 
complex (see Section 3.3.2), and its ammonia dependent equilibrium, were also 
determined. A similar method was used, and once again the reversibility o f the 
equilibria was established. In this case a considerable amount of decomposition 
was noted during the titration with perchloric acid, characterised by the formation 
o f a green colour giving a rise in absorbance at X > 500 nm. The pH was reduced 
during experiments largely because of the greater instability o f the complexes in 
acid conditions. All determinations o f pICa and pKc were found to be in 
agreement with previously published data (where available).
3.2.3 Test for dimerisation
In cases where there was potential for dimer formation (e.g. hydrazine and 
ethylenediamine) it was necessary to use cells of varying pathlength in order to 
vary the Fe concentration. Apart from the standard 1 cm cell, 4 cm and 0.5 cm 
cells were also used in order to evaluate the effect of [Fe]. The same ionic 
strength, pH, and MeCN concentration were used throughout, with the only 
variable being the concentration o f the Fe complex, which was varied in order to 
give similar absorbances in each case. No evidence o f dimer formation was 
observed in any experiment with the Fe11 pentacyanide.
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3.3 RESULTS
3.3.1 Examination of d-d Spectra
The +max values for complexes of Fe11 pentacyanide with a large number o f N- 
bases are given in Table 3.1. In many cases the d-d spectrum was obscured by a 
far more intense CT band and these bases are not included in the table. Values 
were obtained by adding an excess o f the ligand (normally 0.1 mol dm-3 was 
sufficient to give 100% conversion) and measuring the maximum of the complex 
formed by spectrophotometry, calibrated against a Holmium filter. All 
wavelengths were determined at a pH > 1.5 log units above the pK o f the ligand.
Use of the Fe11 hexacyanide complex allowed the position o f CNH over CN- in 
the spectrochemical series to be determined. Although the protonation o f co­
ordinated CN" in [Fe(CN)g]4-, with pK ~ 4 has been reported,100"105 overlap, 
presumably with protonation of a second cyanide, seems to disrupt the end point. 
Legros100 however produced a value of pK -  6, inexplicably 2 log units higher 
than everyone else. The maximum of the d-d band of [Fe(CN)5(CNH)]3_ has not 
been reported. We have found that titration of [Fe(CN)g]4" with perchloric acid 
in unbuffered solution gave a reversible shift o f the d-d band, attributed to the 
protonation o f co-ordinated cyanide giving a value o f pK ~ 4 for protonation o f 
the hexacyanide, in agreement with the previous work (except that o f Legros). 
The position of the d-d band (present as a shoulder on the CT band) was found 
after protonation o f a single CN", and the +max estimated as ca 3 15nm. This was 
slightly shorter wavelength than for the unprotonated complex (325nm). The 
higher energy of the CNH spectrum confirms that, as expected, CNH lies above 
CN" in the spectrochemical series.
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Table 3.1 - Wavelengths of d-d Bands of [Fe^C N ^B] complexes for
Individual Ligands
Ligand ^max Ligand ^inax
o h 2 ca 440 (59) NH2Me 402 (111)
442,5 (107) 398 a
440 (108) en 396 a
440 (19) enH * 400 a
440 (109) NH2CH2CH2OH 397 (112)
444 (62) n h 2c h 2c h 2c n 396 a
443 a Gly 396 (62)
n h 3 400 (70) 394 a
400 (106) n h 2n h 2 400 (113)
405 ( 110) 398 a
406 (111) MeCN 375 a
398 (107) n c n h 2 375 a
396 (62) cyanoacetate 368 a
397 a n c c h 2c h 2n h 3+ 370 a
imH 383 (62) CN- >325 (96)
383 a 322.5 (114)
His 383 (62) 325 (115)
Meprz+ 380 (107) -325 a
383 a CNH <320 a
1,2,4-triazole 384 a CO 303 (115)
a This work; References in parentheses.
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The d-d spectra observed for complexes of the Fe11 pentacyanide showed that the 
hybridisation o f the donor N atom had a large bearing on the Amax o f the 
complex, and could be diagnostic in cases where two N atoms of different 
hybridisation were present as potential ligands (e.g. aminoacetonitrile). The 
correlation o f Amax and N hybidisation is shown along with water and CN" in 
Table 3.2.
Table 3.2 - Wavelengths of d-d bands in [Fen (CN)5B] Complexes 
Characteritistic of each Family
Ligand A,max/nrn
CN- 325
sp N 375 ± 5
sp2 N 383 ± 3
sp3 N 400 ± 3
h 2o 443
Figure 3.1 - Comparison of the d-d bands for the general complex 
Fen (CN)5B, all at similar concentrations.
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3.3.2 Preparation and Properties of the Aqua and Acetonitrile complexes
The solid salt Na3[Fe(CN)5NH3] dissolves readily in neutral, aqueous solution to 
give the [Fe(CN)5NH3]3" ion (with Xmax 397 nm). This ion is then rapidly 
hydrolysed (ti/2 ca 40s at 25°)68 to give the aqua complex (A,max 443 nm). In the 
presence o f 0.1 mol dm-3 MeCN a band was observed at 375 nm, formed after ca 
5 mins, attributed to the complex [Fe(CN)5MeCN]3_.
Qualitative experiments were carried out in order to test the stability o f the aqua 
complex over a range o f pH's using deoxygenated and air-equilibrated solutions 
both with and without 10“3 mol dm-3 ascorbate present. At pH 6 the following 
results were obtained. In air-equilibrated solutions without ascorbate present 
dissolution of the solid ammonia complex was followed by rapid conversion to 
the aqua complex. This was followed by a slower reaction (ti/2 5-10 mins) giving 
products with absorption bands at 397 and 345nm, assigned to the formation o f 
[FeH /CN fyO Fy2".65 This second reaction was found to be suppressed and 
replaced by a much slower reaction in both deoxygenated and air-equilibrated 
solution with ascorbate added.49 This reaction was characterised by a slow 
decrease in A443 and a rise in absorbance in the near uv region, with an isosbestic 
point at 385nm. No distinct bands were observed between 300 and 400nm. The 
decrease in A443 (ca 30% in 30 min in deoxygenated solution and ca 25% in 30 
min in air-equilibrated solution with ascorbate present) was further suppressed by 
the combination o f deoxygenation and ascorbate addition, but not completely 
halted. It was found that the addition o f 0.1 mol dm-3 MeCN under any of the 
above conditions gave rise to the single band (375nm) representing formation o f 
the complex [Fe(CN)5(MeCN)]3~ as identified below (see Section 3.3.3). Once 
formed this complex remained unchanged for over 30 mins. The acetonitrile 
complex was found to obey Beer's Law up to [Fe] > 1.1 x 10*3 mol dm*3, and its 
molar absorption coefficient found to be 370 M-1 cm*!
44
C hapter 3 - C o-ordination o f  N -bases by  Fe11 Pentacyanoferrate
The apparent pH-dependence o f the aqua complex, prepared by dissolution of the 
NH3 complex, was studied in deoxygenated solutions containing ascorbate. Two 
pH-dependent equilibria were found to exist with pK 2.75 ± 0.2 and ca 8.5. The 
first showed an isosbestic point at ca 425mn and produced a new species with X 
max = 420nm, although a significant amount o f irreversible decomposition 
occurred during the pH titration. The pK value agrees with that published (pK 
2.6)61 for the protonation o f a co-ordinated cyanide to form a CNH ligand. The 
changes in spectrum at pH 8.5 involved isosbestic points at 410mn and the 
formation o f a new species with A,max 397nm. The same Xmax and isosbestic 
points were obtained on adding NH4CI, with the solution buffered at pH 8.5, 
identifying the product as the ammonia complex in full agreement with previous 
work.69 The observed equilibrium is given by equation 8.
Fe-OH2 + NH4+ Fe-NH3 + H30 + (8)
Contrary to a previous report,62 it was found that solutions o f the aqua complex 
could not be prepared at pH > 8 (free from NH3 contamination) by removing the 
NH3 as a gas with a stream of nitrogen, without a significant and unacceptable 
degree of unwanted side reactions taking place simultaneously. Addition o f 
acetyl chloride, to remove the NH3, was also unsuccessful and gave rise to a band 
at 375 mn on its addition, possibly due to a side-reaction with the NH3 producing 
a nitrile species which then co-ordinated.
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3.3.3 Co-ordination of Nitriles by Fe11 Pentacyanide
(a) Co-ordination of MeCN in Competition with Water
In order to determine the stoichiometry, equilibrium constant and pH dependence 
for the substitution o f co-ordinated H20  by acetonitrile, four experiments were 
carried out (two at pH 5 and two at pH 7) in which the Fe11 pentacyanide(aqua) 
complex was titrated with MeCN at 25° in aqueous solution. Experiments 
produced excellent isosbestic points, and the equilibria were all set up 
instantaneously. Analysis o f the data showed in all four cases that a 
stoichiometry o f one MeCN per Fe existed, shown by the slope o f n  =1 in the 
log-log plot. The uv-vis spectrum of one o f these experiments is shown in Figure
3.1, and its corresponding log-log analysis is given in Figure 3.2. The results 
from all four experiments are given in Table 3.3 below, showing the pH- 
independence for the substitution o f H20  by MeCN, with log K = 2.6.
Table 3.3 - Data for the Co-ordination of MeCN
pH K logK
5 407 2.61
389 2.59
7 417 2.62
407 2.61
The MeCN complex provided a far more stable starting complex than the aqua 
complex, and it was found to be unaltered over a much wider pH range (3 to >12)
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through which a wide range o f amines could be studied, provided their binding 
constant was significantly higher than that o f MeCN itself. Attempts were made 
to isolate the pure MeCN complex but every time a green colour was produced 
indicating significant decomposition, and thus the solid material collected was 
unusable. As a satisfactory compromise, the MeCN complex was prepared in 
situ, by the addition o f the ammine complex directly into 0.1M aqueous MeCN. 
After several minutes > 99% MeCN complex was formed characterised by the d- 
d band at 375 nm. This then became the starting point for the majority o f 
experiments involving the amines, pyridines and imH's.
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Figure 3.2 - Changes in the uv-vis spectrum on titration of the 
aqua complex with MeCN at pH 7.
Figure 3.3 - log-log analysis of the titration shown in Figure 3.2, 
showing n = 1 relationship
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(b) Co-ordination of other nitrites to Fe11 Pentacyanide
The data displayed in Table 3.4 shows the results obtained for three other 
aliphatic nitriles co-ordinating to Fe11 pentacyanide, and also data for two 
aromatic nitriles. The absolute pK values of the nitriles are not well documented 
with only two known; cyanamide (pK 1.1, protonation on nitrile N, shown by 
15N NM R,116 see below), and acetonitrile pK -10.117 it is therefore reasonable 
to assume that all other RCN bases have pK < 0. Values of K are determined via 
the aqua complex (i.e. where the NH3 is removed from co-ordination as NH4+ at 
pH < 7) rather than via the MeCN complex for which the values o f log K, and 
also the final spectra, were similar*. Cyanamide, which was originally probed as a 
potential amine, was found to co-ordinate with a band at 375 nm indicating co­
ordination through its nitrile function. The cation o f aminoacetonitrile was tested 
below the pK o f the amine group, and found to bind as a nitrile. Raising the pH, 
once bound, caused the base to immediately, and reversibly, revert to the amine 
co-ordinated form. Cyanoacetic acid was also found to bind as a nitrile (A,max 
375nm), and studies above and below the pK o f the carboxylate group revealed 
no significant difference in the values of log K obtained. Every determination 
was carried out in duplicate and all equilibria were attained rapidly. The d-d 
spectra o f the aliphatic amines all gave ca 375, in line with the maximum of 
the MeCN complex (see Figure 3.1), while the aromatic nitriles gave rise to 
intense CT bands. Reasonable to excellent isosbestic points were observed for 
every experiment and analysis via the log-log plot revealed a stoichiometry of IB 
per Fe in each case. The results are given in Table 3.4 below.
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Table 3.4 - Data for the Co-ordination of Nitriles to Fe11 pentacyanide
Ligand pK pH used log K ±0.1 ^max^nm
MeCN ca -10 a 5 ,7 2.6, 2.6 375
NCCH2NH3+ - 4 2.3 370
n c c h 2c o 2- - 5.5,7 2.4, 2.3 368
n c n h 2 1.1 b 7 2.3 375
benzonitrile _ 10 c 4.0 368 d
Me-4-CN-pyr - 10 c 4.9 550 d
a Ref. 111; 8 Ref. 110; c determined via MeCN complex; ^ CT bands, other maxima refer to d-d 
bands.
The data presented probably represent the first series o f nitriles studied with any 
transition metal ion and certainly the first with a first row transition metal ion. 
Using the two neutral, aliphatic nitriles with known pK (viz. MeCN and NH2CN) 
it is demonstrated that with a ApK of ~ 11 log units only produces a change in log 
K o f 0.3, and thus one can conclude that in this case the slope a -  0. The 
presence of a positive or negative charge on the ligand appears not to enhance or 
suppress the value o f log K. The aromatic nitriles produced intense CT bands, 
and thus behaved similarly to the 6H series (see Section 3.3.5)
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3.3.4 Co-ordination of Simple Amines by Fe11 Pentacyanoferrate
Table 3.5 shows the series of amines studied along with their pK's, and the pH 
used for each experiment, which where possible was > 1 .5  log units higher than 
the pK of the incoming ligand to eliminate complications caused by ion pairing 
effects (see discussion). All quantitative determinations were carried out at least 
in duplicate. All aliphatic amines with the exception of sulfamate and 
hydroxylamine, were studied in competition with MeCN with correction to give 
log K for the substitution o f co-ordinated water. Complications arose through the 
slow reactions o f hydroxylamine and sulfamate, and also due to the fairly fast 
cyclisation o f 2-bromoethylamine, with the elimination o f HBr, to form aziridine 
(see below). Reasonable to excellent isosbestic points (e.g. Figure 3.1) were 
observed in all cases and the of the product was always at 397 ± 3 nm, 
except for the positively charged hydrazinium ion, characteristic o f an amine co­
ordinated to the Fe11 pentacyanide (see Table 3.2). Values for log K and the Amax 
o f the final product are all given in Table 3.4. Analysis o f the data usually at the 
Amax o f the product (ca 397 mn) showed for all ligands that conditions could be 
found where one base is required per Fe, since the log-log plot was linear with a 
slope o f n = 1 (as in Figure 3.2), but in addition values o f n > 2 were observed 
when using aziridine, ammonia and methylamine < 2 log units above their pKs, 
and was attributed to ion-pair formation with the protonated base in addition to 
co-ordination of the base.(see Section 3.4.2). The possibility o f dimer formation 
with ethylenediamine and hydrazine was eliminated by studies in which the [Fe] 
was varied (see Section 3.2.3).
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Table 3.5 - Data for the substitution of co-ordinated water by RNH2 ligands
Ii
in Fe11 pentacyano(aqua)ferrate, obtained via the MeCN complex. !
i
Ligand pICa pH used log K b + .a x /“ m
1. n h 2n h 3+ -0.9 4.0, 5.0 3.7 403
2. NH2S 0 3- 1.0 5.5 <0 -
3. NH2CH2CN 5.3 8.0 4.01 396
4. NH2CH2CF3 5.7 8.0 3.42 394
5. NH2CH2CH2NH3+ 7.3 6.5, 7.0 4.4 400
6. NH2CH2CH2CN 7.7 10.0 4.23 396
7. £ h 2c h 2Sth 8.0 11.0 _  c «
8. NH2CH2CH2Br 8.5 11.0 4.16 398
9. NH3 9.25 11.0 3.5 397
10. NH2CH2C 0 2~ 9.6 11.0 3.6 394
i i . n h 2c h 2c h 2n h 2 9.9 11.0 3.9 397
12. NH2CH3 10.6 12.0 4.3 398
13. NH2OH 6.0 11.0 <2.2 ca 400
14. NH2NH2 8.1 10.0 4.77 398
a From ref. 23; 6 log K ± 0.1 or better; c sigmoid relationship, see text.
Ammonia was found to lie below the line although there were difficulties in its 
determination (see section 3.4.2), while hydrazine (after correction for the 
statistical factor) was found to lie on the "baseline". 2,2,2-trifluoroethylamine, 
which has shown unpredictable behaviour in previous work,13 was also found to 
lie below the baseline, presumably because of the unusual interaction o f the 
fluorine atoms with the water thus creating additional unusual H-bonding effects 
to be overcome prior to co-ordination. Ethylenediamine and its cation were both
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found to be behave as "normal" amines, and the hydrazinium cation was also 
found to lie on the "baseline" (that expected from ligand basicity alone, see 
below). It appears that the presence o f the positive charge on the base has little 
effect on log K, in contrast to the presence of a negative charge (e.g. in the case 
of glycine) which gives a suppressed value for log K. This is due to the 
unfavourable co-ordination o f a further negatively charged ligand, in addition to 
the five cyanides already present.
It was discovered that 2-bromoethylamine, which has been used previously for 
studies o f this kind, is known to cyclise fairly rapidly in alkaline solution (ti/2 ca 
20 mins) 118 forming aziridine and thus may be undergoing significant changes 
during the course o f an experiment using this method. Experiments with 2- 
bromoethylamine at lower pH (i.e. pH 7.5), where the rate of cyclisation is 
reduced 10-fold (ti/2 ca 3 hours) gave a similar value o f log K, further verifying 
the data obtained for the aliphatic 2-bromoethylamine. However, use o f fully 
cyclised material (prepared by leaving 2-bromoethylamine to stand at pH 10 for 
> 3 hours) at pH 7 gave binding equating to n = 2 (i.e. 2B per Fe) in every 
experiment, quite unlike the binding observed when using 2-bromoethylamine as 
the titrant. Therefore there was a clear difference in the behaviour of the two 
bases and it seems reasonable to assume, therefore, that the value obtained for the 
2-bromoethylamine at pH 11 not adversely effected by the background 
cyclisation reaction. Hydroxylamine slowly reacted (ti/2 ca 20 mins) ,119 giving 
an intense orange band at 460 nm.119-121 This band has previously been 
attributed to the complex resulting from the co-ordination o f NH2OH, but this 
band was obtained by a slow reaction when all other equilibria studied w e re ' 
attained rapidly. The rate o f reaction leading to the orange colour could be 
suppressed by thorough deoxygenation, and slowed further by the addition o f 
ascorbate. This slower reaction was therefore attributed to some oxidation 
reaction (see Section 3.4.5). Addition o f a known amount o f hydroxylamine, was
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found initially to give a band at ca 400 nm, which was attributed to co-ordination 
o f NH2OH, and thus an estimate o f log K could be determined prior to the 
decomposition which gave the orange colour. The binding constant obtained was 
found to lie significantly below the amine "baseline". Sulfamic acid was also 
found to undergo a slow reaction (h/2 = 30 mins) but this was not suppressed by 
thorough deoxygenation or ascorbate addition. An attempt was made to gain a 
value for log K in similar fashion to that of NH2OH, and indicated a result o f log 
K < 0 (see Section 3.4.4).
Plotting the values o f log K against pK showed that for the five basline amines 
(filled circles) when there are no other complicating factors, a good linear 
relationship exists (see Figure 3.4) with a remarkable independence o f log K on 
pK. The remaining amines are represented by diamonds. The baseline amines 
can be represented by the equation log K = 0.05pK + 3.6, i.e. a = 0.05, b = 3.6, 
and this is obeyed over at least twelve pK units.
Figure 3.4 - Graphical representation of log K vs. pK for the amines.
(Data from Table 3.5.)
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(a) Protonation of Co-ordinated Amines, pKc
The pKc for the protonation o f co-ordinated amines is possible in cases such as 
ethylenediamine and hydrazine, where two identical ~NH2 groups are present, 
and only altered from pKa by co-ordination at one end of the molecule. 
According to equation (9) when the slope a is near to zero, the values o f pKa and 
pKc should become virtually identical, where pKa and pKb are the pKs for the 
successive protonations o f the free ligand and pKc is the pK for the protonation 
o f the ligand once co-ordinated. The aim here is to check that pKa and pKc are 
similar in the case o f ethylenediamine, and to indirectly test for the a-effect in 
the case o f hydrazine.
a = (PKa - pKc) / (PKa - PKb) (9)
Duplicate pH titrations were carried out on both ethylenediamine and hydrazine 
and the data shown in Table 3.6 indicate that, in agreement with published data 
for the protonation of co-ordinated en, a slope of a ~ 0 is expected. The pKc for 
the hydrazine complex was determined by the titration o f an unbuffered solution 
o f the hydrazine complex at pH > 9 with perchloric acid. Since the starting and 
finishing complexes were both close together, and very similar in intensity 
(differing by < 2%) there was a great error in the use o f a single absorbance to 
monitor changes during the titration. Therefore it was justifiable to use the 
change in the maximum to follow the titration. The pH was measured 
throughout using a pH meter. The titration is shown graphically in Figure 3.5 
below. A similar experiment was performed using ethylenediamine, measured 
by the change in absorbance in this case. Data for the two pKc experiments (both 
duplicated)ore given in Table 3.6 below.
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Figure 3.5 -Variation of A,max with pH during the pH titration of the 
[Fe(CN)5(NH2NH2)]3- complex (pKc = 6.3)
Table 3.6 - Data for pKc of some amines
Ligand pK pKc
n h 2n h 2 8.12 6.3
n h 2c h 2c h 2n h 2 9.9 9.6
The results for ethylenediamine give a value o f pKc ~ pKa, and in agreement 
with that expected when the slope a ~ 0. However, in the case of hydrazine the 
observed pKc is ca 2 log units lower than the pKa o f free hydrazine itself. From 
the use o f absorbance an estimate of 6.1-6.3 was gained. A previously published 
value for the pKc (=6.2) of hydrazine is also available.122 This apparent anomaly 
is attributed to the operation o f the a-effect giving increased stability to the
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neutral form. What is observed is probably an "off-loading" o f the a-effect as a 
result o f protonation to give the non a-effective hydrazinium ion.
(b) Co-ordination of Amides
For completeness the co-ordination o f amides was investigated, in order to assess 
whether or not they behave in a similar fashion to the simple amines. Although it 
is believed that amides protonate partially or fully on the oxygen, they have low 
pK values, and were therefore worth testing with a view to extending the amine 
series to lower pK. Urea and formamide were both tried at pH 5.5, stalling with 
the aqua complex. In the former case, urea was introduced as a solid and the 
spectrum was recorded. A small shift in the band to higher energy was observed, 
with a slight fall in intensity. However, no bands were observed at ca 400 nm 
and hence co-ordination o f the urea through its nitrogen atom was not suspected. 
In the latter case, the pentacyanide was dissolved into a 50% aqueous formamide 
solution. A fairly broad band at 446 nm was observed and this was attributed to 
either the aqua complex with a solvent effect, or indeed co-ordination of 
formamide through its oxygen atom. There was no evidence for co-ordination 
through a nitrogen atom in this case either. It was concluded, therefore, that the 
amides do not behave as simple amines and cannot be treated as such.
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3.3.5 Co-ordination of Substituted Pyridines and Diazines by 
Fe11 Pentacyanoferrate
Table 3.7 shows the substituted pyridines and pyrazines studied, their pKs, and 
the pH used for each experiment. The pH chosen for each experiment was 
always > 2 log units above the pK o f the base being used, in order to ensure that 
>99% o f the base was present in its free, unprotonated form. All quantitative 
experiments were carried out at least in duplicate. Reasonable to excellent 
isosbestic points were observed in all cases. Analysis of the data (by following 
the equilibrium by the rising charge transfer band) showed that in all cases the 
equilibrium required one B per Fe. The values o f log K, found via the MeCN 
complex and corrected, and the product A,max (charge transfer bands) are also 
given in Table 3.7 below.
Table 3.7 - Data for the co-ordination of 6H bases to Fe11 Pentacyanide
Ligand pK  a pH used log K ±0.1 ^m ax/n m  b
1. Meprz+ -5 6 5.6 660
2 . prz 0.37 7 5.0 457
3. 4-CN-pyr 1.9 10 4.7 475
4. pyr 5.17 10 4.8 370
5. 4-picoline 6.0 10 4.7 357
6. 4-Me2N-pyr 9.6 11.2 4.7 ca 315
7. prdz 2.3 7, 10 4.8 443
a From ref. 23; 6 all maxima refer to CT bands.
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Plotting log K against pK gave a good linear relationship, verifying the LFER 
(equation 1) for substituted pyr's and prz's with the pentacyanide. The slope a 
was virtually identical to that found from the data o f Toma and Creutz,49 
although their value o f b was ca 1 log unit higher (viz. possible solvent effect o f 
MeCN, or effect o f kinetic vs. thermodynamic methods, see Section 3.3.3a), 
suggesting a systematic difference or error. The equation of the line is log K = -
0.05pK + 5.0, i.e. a = -0.05 and b = 5.0.
Figure 3.6 Graphical representation of log K vs. pK for the 6H Bases.
(Data from Table 3.7)
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The only known a-effective ligand in the azine family is the 1,2-diazine 
pyridazine. Duplicate experiments were carried out but no evidence o f binding 
constant enhancement was observed in this case. The Xmax of the product 
increased with decreasing basicity o f the incoming ligand (see Figure 3.6). 
Therefore the energy o f the charge transfer transition increases, as expected, with
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the ligand basicity. In the case o f 4-Me2N-pyr the maximum of the CT band 
could only be estimated (315 ± 5 nm) as the ligand itself was found to absorb in 
the same region o f the spectrum. The d-d band could only be observed in the 
case o f Meprz+ (where the charge transfer band was deep blue and thus at 
sufficiently low energy not to obscure the d-d band), and was found to have Amax 
= 383 + 3 mil, characteristic of an sp2 hybridised N co-ordinated to the Fe11 
pentacyanide (see Table 3.2).
The energy o f the charge transfer band (i.e. 1/Xmax) was found to be directly 
proportional to the pIC of the ligand, giving a good linear relationship. This is 
demonstrated in Figure 3.7 (data taken from Table 3.7).
Figure 3.7 - Plot of CT band energy vs pK of ligand
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3.3.6 Co-ordination of Substituted Imidazoles by Fe11 Pentacyanoferrate
Table 3.8 shows the 5H bases studied and the pH used in each case. The pH 
chosen for each experiment was always >1.5 log units above the corresponding 
pK o f the base ensuring >90% free base ready for co-ordination. All quantitative 
experiments were performed in duplicate. Good isosbestic points were observed 
in all cases, and characteristically the Xmax o f the product was always 383 ± 3 
representing binding via a sp2 hybridised N. Analysis o f the data was 
performed at the Amax o f the product, and always revealed a binding o f 1 base per 
Fe. The A,max o f the products and values of log K found via the MeCN complex, 
and corrected, are given in Table 3.8 below. The negatively charged triazolate 
anion (pK 10.1) was studied but found to lie beneath the baseline, while the 
imidazolate anion (pK 14.1) was neglected since the use of pH > 15 was thought 
to be beyond the reliable range for study with the pentacyanide(MeCN) complex, 
and is also associated to a high ionic strength.
Table 3.8 - Data for the co-ordination of 5H bases to Fe11 Pentacyanide
Ligand p K a pH used log K ±0.1 ^■max^ nm
1. 1,2,4-triazole 2.3 7 4.4 384
2. 1-ac-imH 3.1 7, 10 4.3 383
3. 5-Cl-l-M e-imH 5.1 10 4.3 386
4. imH 7.1 10 4.4 383
5. 1-Me-imH 7.2 10 4.3 382
6. 1,2,4-triazolate anion 10.1 11.2, 12 4.0 383
a From ref. 23, except 5-Cl-N-Me-imH, from ref. 13.
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Plotting values for log K against pK showed a good linear relationship (see 
Figure 3.7) with log IC again showing little dependence on ligand basicity, except 
for trz-, whose negative charge suppressed its binding constant, cf. glycine. The 
"baseline" for the imH series represented the equation log K = -0.025.pK + 4.5,
i.e. a = -0.025; b = 4.5. This was obeyed linearly over ca 5 log units, with trz- 
slightly low.
Figure 3.8 - Graphical representation of log K vs. pK for the 5H Bases. 
(Data taken from Table 3.8)
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3.3.7 Examination of the Steric Effect
The sterically hindered amines studied are given in Table 3.9, along with the 
ligand pK values. 2-picoline and the 6H parent 4-picoline are also included. 
Data were obtained at pH 12, via the MeCN complex in every case and all results 
were duplicated. Reasonable isosbestic points were gained in each experiment, 
after discomiting the greater dilution effect due to the lower binding constants. 
No difficulties were experienced that could be attributed to the binding o f more 
than one base per Fe in the outer sphere. The log-log analysis o f the data 
provided a slope o f n  = 1 in every case. Where significant dilution effects were 
observed, corrections were made in the corresponding calculation. Values o f X 
max were estimated in each case since the final spectrum was not obtained 
experimentally, but the final absorbance readings were obtained by graphical 
extrapolation.
Table 3.9 - Data for the Steric Effect with Fe11 Pentacyanide
Ligand pK  a log K ±0.1 ^max
n h 3 9.25 3.5 397
MeNH2 10.6 4.3 398
Me2NH 10.6 3.0 ca 400 b
Me3N 9.76 2.7 ca 400 b
EtNH2 10.6 3.7 ca 400 b
i_PrNH2 10.6 3.4 ca 400 b
t-BuNH2 10.6 2.3 ca 400 b
4-picoiine 6.0 4.7 357
2-picoline 6.0 1.2 359
a From ref. 23; 8 end point determined by graphical extrapolation.
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The results showed that there is a significant steric effect in the case o f both a -  
and p-branching, as seen with the Co111 corrinoids and the Fe111 porphyrins. 
However, the absolute suppression of log K (ca 2 log units, from MeNH2 to 
Me3N and t_BuNH2) is less than that seen in the aforementioned cases (ca 5 log 
units with Co111 29 and ca 3.5 log miits with Fe111) 13 and thus lower than 
expected. Surprisingly there is a much greater suppression o f log K than 
expected when going from methylamine to ethylamine, with NH3 even lower. 
These apparently anomalous steric effects (incl. the order MeNH2 > EtNH2 > 
NH3) parallel the results obtained by Aymonino et a / ,107 for the rate o f 
dissociation o f these amines from the pentacyanide. They showed a correlation 
between AH and AS for activation and published values o f AH and AS for 
protonation o f these bases which in turn have been attributed to differences in 
solvation. They concluded that the expected steric effects on rate constants were 
upset by "solvation" effects and the same explanation clearly applies to the 
equilibrium constants determined by roe.
The steric effect o f 2-picoline, compared to its parent heterocycle 4-picoline, 
gave a value of log K which was suppressed below the 6H baseline by 3.5 log 
units. This suppression was quite comparable to the suppression of 2-picoline on 
its co-ordination to Fe111 MP-8 (>3 log units) .13 Therefore it is reasonable to 
assume that 2-picoline is behaving normally, and is not adversely effected by 
solvation.
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3.3.8 Differences Between K in Water and MeCN
In order to assess the discrepancies between this data and those previously 
published, the effect o f MeCN concentration on the observed equilibrium 
constant, K, for the substitution o f co-ordinated water, several experiments were 
performed in which [MeCN] was varied. Titrations were performed by the 
established methods, and values o f log K were then determined through use o f 
equation 6 (see Section 3.2.1). A summary of the data is given in Table 3.10 
below.
Table 3.10 - Changes in log K with increasing [MeCN]
[MeCN] / mol dm-3
Ligand 0 0.1 0.2 0.3
n h 2n h 3+ 3.3 3.7 4.1 -
n h 2c h 2c n 3.7 4.0 4.0 4.1
n h 2c h 2c f 3 3.0 3.4 _ 3.8
pyr 3.7 4.6 4.7 4.8
PhCN 3.5 3.9 - -
n h 3 4.3 3.5 - I
n h 2o h 2.4 2.2 - -
The results demonstrate that, although in most cases the effect o f MeCN is to 
increase the values o f log K observed, there are at least two exceptions to this 
rule (NH3 and NH2OH). These anomalous effects are discussed in Section 3.4.2.
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3,4 DISCUSSION
3.4.1. Basicity Plots
In the light o f the data produced by Toma and Creutz,49 where the negative slope 
o f the substituted pyridine family was attributed to the effect of 7i-bonding, the 
values o f a (in the LFER, equation 1) were o f great significance. The value o f a 
for the pyridine series was virtually identical to that provided by the data o f 
Toma and Creutz, while a negative value of a was also observed for the 
substituted imidazoles where ^-bonding is not necessarily expected, but might 
occur. In the case o f the aliphatic amines studied here there is no possibility o f ti 
-bonding and one might therefore have expected a more positive value o f a, as 
seen with the data o f Hamza with both Co111 (with which Fe11 is isoelectronic) 
and Fe111. However the near zero value of a for the amines indicates that the 
operation of 7i-bonding is not necessarily responsible for the slopes of a ~  0.
3.4.2 Ion Pair and Outer Sphere Interactions
Unexpected behaviour was observed in plots for NH3, MeNH2 and aziridine. 
Instead of rising asymptotically, the product band was observed to increase in a 
sigmoidal fashion, however there was no change in the final A,max of the product. 
Further study o f the ammonia equilibrium at different pH's showed that at pH > 
11 the relationship was a simple one B per Fe. Below pH 11 the first signs o f ion 
pairing were observed with the log-log analysis beginning as n = 1 and becoming 
n = 2 as the titration progressed. Below pH 9.5 the 2 B per Fe relationship was 
observed, and as the pH was lowered further to < 7 the slope of the log-log plot 
increased further indicating a third and maybe even a fourth ammonium ion was 
interacting. Similar behaviour' was observed with methylamine, although pH 12
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was high enough to prevent the interaction of a second base. An n = 2 
relationship was also found for aziridine at pH 8 (but not for 2-bromoethylamine 
at pH 7.5). Relationships o f n > 2 in the log-log were rationalised by the 
assumption that a neutral base was binding in the expected fashion, and the 
second was interacting, as BH+, in the outer sphere, forming an ion-pair.
Ion pair formation in solution has previously been separated from ionic strength 
effects, and quantitatively established in aqueous solution, for the K+ cation with 
both [FeE(CN)6]4- (log K 2.3,95 2.37,96 2.35)97 and [Feni(CN)6]3- (log K 1.2).98 
Ion pairing has also been noted for NH4+ with the Fe11 hexacyanide.96 It has also 
been noted that in the formation o f the solid trisodium salt of the pentacyanide is 
easily contaminated during its synthesis by the disodium ammonium salt,123 and 
higher N:C ratios were often observed, by microanalysis, than expected for the 
pure trisodium salt. In other words the ion pair with the ammonium cation is 
observed even in the solid state.
The second anomaly noted was that an increase in the MeCN concentration gives 
rise to a significant elevation o f the observed log K for the substitution of co­
ordinated water with the most o f the bases tested. Comparison o f log K values 
determined in up to 0.3 mol dm-3 aqueous MeCN with those in the absence o f 
MeCN for aminoacetonitrile, 2,2,2-trifluoroethylamine, hydrazinium, pyridine 
and benzonitrile, revealed elevations of log K up to ca 1 log unit. In 0.1 mol dm*
3 aqueous MeCN increases in log K were generally found to be 0.3-0.4 log units, 
but 0.9 log units in the case o f pyridine. In the cases o f NH2OH and NH 3, 
however, the values o f log K are suppressed by the presence o f 0.1 mol dm*3 
MeCN (see Section 3.4.3). It is known that MeCN-H20  mixtures show an 
unexpected minimum enthalpy of mixing at ca 0.02 mole fraction MeCN (ca 1 
mol dm*3) ascribed to H-bonding between MeCN and H20 .124>125 Hy data <ir& 
however too limited to suggest whether this primarily effects the activity of the
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free ligand or the behaviour o f the complex (e.g. indirectly by changing the Id- 
bonding between H20  and the terminal N-atoms o f co-ordinated cyanide or by 
formation o f some outer sphere adduct).
3.4.3 H-bonding Effects
The absolute effect o f H-bonding and solvation related effects are equally 
difficult to quantify. However, those bases more easily solvated generally have 
binding constants that are lower than expected. The low value o f ammonia is 
attributed to the heavy solvation energy that must be overcome before co­
ordination can take place. The two "a-effective" bases tested (hydrazine and 
hydroxylamine) both failed to exhibit the large enhancement o f log K expected. 
However, hydrazine, which lies 0.5 log imits above the "baseline", is probably 
greatly solvated and thus it is likely that any enhancement o f log K, attributable 
to the a-effect, is at least partly counter balanced by suppression o f log K due to 
solvation of the free base. The structure o f hydroxylamine is probably the more 
susceptible for heavy solvation, and in this case any enhancement caused by the 
a-effect is more than compensated for by the solvation energy that has to be 
overcome prior to co-ordination. One must also consider the steric strain that is 
introduced by the presence o f water molecules around the base. This effect may 
also be responsible for the lower observed log IC values, particularly in the case 
o f ammonia, where the outer solvation shell o f the incoming ligand may serve to 
sterically reduce its binding constant. The very low value o f log K (< 0) for 
sulfamic acid might also be explained by very heavy solvation around the S 0 3_.
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3.4.5 Comparison of published data with this data
In view of the discrepancies observed in some cases between the values o f log K 
determined here under equilibrium conditions, and the published values derived 
indirectly from kinetic data, a review o f the methods used by other authors and 
hence possible reasons for the existence of these differences, is required. 
Previous workers have calculated log K from the ratio o f the forward and reverse 
rate constants (K = kf/kr), where kf is the second order forward rate constant, and 
kr is the first order rate constant for the reverse reaction. The value o f kf is 
determined directly from the reaction o f the aqua complex with a base, B, and the 
value o f kr is determined indirectly from the rate of displacement o f B by a more 
strongly binding base B' (frequently Meprz+).68 In all cases studied to date, 
saturation is observed with increasing B', and the limiting rate is taken to be kr. 
The mechanism for this substitution is generally described as dissociative (D) or 
interchange (I).62 Saturation kinetics, due to the formation o f an outer sphere 
complex with the aqua complex, have been established in a few cases.126’127 
There is also evidence for the formation of an OS complex between the 
analogous d6 [Ru (NH3^ )H 2]2+ complex and both Meprz+ 128 and 2,6- 
lutidine,129 with further evidence for saturation kinetics with OS intermediates 
being provided recently by ligand substitution reactions of d6 Co111 
corrinoids.130’131 It has been shown that increasing the concentration of LiC104 
can have a significant effect on the rate constants for the substitution o f water in 
the Fe11 pentacyanide(aqua) complex by charged ligands. In the case o f Meprz+, 
the value of kf was found to fall from 2410 to 560 M"1 s-1 in the presence o f 0.1N 
and 1.0N LiC104 respectively.68 It has been suggested that differences in the 
rate constants, found in the presence of Li and Na salts, may reflect differences in 
the ion-pairing. Unexplained kinetics have also been observed in the reactions o f 
the aqua complex below pH 8, and above a certain Fe concentration.19 It appears
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that the effects o f ion-pairing and other outer sphere interactions on the kinetics, 
and mechanism, of ligand substitution in highly charged complexes o f this kind 
are not yet elucidated and are far from fully understood.
In the related Fe11 hexacyanide Legros106 compared equilibrium constants 
deduced both kinetically and indirectly. The protonation o f the hexacyanide (to 
give [Fe(CN)5CNH]3-) was studied indirectly by the pH-dependence of the rate 
o f hydrolysis o f the hexacyanide in the presence o f PhNO. The pK o f 6.15 
calculated by this method was found to be inexplicably higher, by ca 2 pK units, 
than the pK obtained for the protonation o f a co-ordinated cyanide, under direct 
equilibrium conditions. This is apparently the only published example where 
kinetic and equilibrium data have been directly compared in a complex related to 
the pentacyanide complexes used in this work.
Therefore it is concluded that there are a number of differences attributable to the 
poorly understood and undefined operation o f ion-pairing and solvation effects in 
the outer sphere. However, the focus here is on the generation of the self 
consistent patterns by the method employed here which allows the overall picture 
for the binding o f N-bases to be drawn, regardless o f differences between this 
and published data under various different conditions.
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3.5 SUMM ARY AND CONCLUSIONS
The results in this chapter represent the equilibrium constants for the substitution 
of co-ordinated water in Fe11 pentacyanoferrate by about 40 nitrogenous bases 
from four different series (simple amines, pyridine derivatives and diazines, 
imidazole derivatives, and nitriles), covering wide pK ranges, and determined 
spectrophotometrically by direct equilibrium studies at 25°.
For the first time a method has been developed by which series of N-bases can be 
studied with [Fe(CN)5(OH2)]3_ in aqueous solution. It is shown that the solid 
Na3[Fe(CN)5(NH3)], which hydrolyses rapidly in solution forming the aqua 
complex, can be dissolved in aqueous MeCN to give a solution of the more stable 
[Fe(CN)5(MeCN)]3* (with log K 2.6) and thus provide a pathway for studying 
ligand substitution equilibria with this "simple" Fell system. The use of the 
acetonitrile complex as the starting point proved very successful mainly due to its 
greater stability (over the aqua and ammino complexes), and the fact that it 
remains unchanged from pH ~3 up to pH > 12. The only problem was the 
apparent enhancement of log K (for the substitution of co-ordinated water) by 
about up to 0.9 log units which was attributed to some unusual solvent effect of 
the 0.1 mol dnr3 MeCN present. However, in the cases of ammonia and 
hydroxylamine the presence of MeCN suppressed the values of log K. In the 
light of the experimental data the following points can be made:
(i) In the absence of other complicating factors (e.g. steric effects or binding of a 
second base) the values obtained for log K in all four series are virtually 
independent of the ligand basicity, giving rise to a slope of a ~ 0. The linearity of 
the individual plots, for each series, serves to verify the equation log K = a.pK + 
b, and for the first time this was found to work equally well for a series of 
nitriles. As a general observation the pentacyanide used co-ordinated positively
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charged bases normally (i.e. as expected for a neutral ligand), but gave 
suppression of log K for the negatively charged bases (except for cyanoacetate 
which seemed to behave normally). In keeping with previous work triazole was 
found to behave as an imidazole, and the diazines were found to fall in the same 
series as the pyridines.
(ii) The near zero slope in all four basicity plots strongly suggests that little 71- 
bonding is involved in the binding of the bases studied. The fact that the simple 
amines, which are incapable of any form of 7r-bonding to the metal, behave in the 
same fashion as the potential Tt-acceptors leads one to the obvious conclusion that 
the nature of the M-L bond is similar in both cases. However the more negative 
slope observed for the 6H series may imply a small n contribution to the overall 
bonding.
(iii) The similarity between the behaviour of the bases co-ordinating to Fe111 and 
Co111 and their H-bonding acceptor capacity suggests that as the basicity of a 
ligand increases, its H-bonding also increases (as well as the intrinsic M-L bond 
energy), and thus the energy to be overcome prior to co-ordination also rises. 
The data, provided by this work, indicate that in some cases (e.g. where the 
intrinsic M-L bond energies are low) it may be possible for these two factors to 
become equal and effectively cancel each other out giving rise to the near zero 
slopes of the basicity plots.
(iv) The wavelength of the first d-d transition shows that the position of a given 
N-base in the spectrochemical series depends primarily on the hybridisation state 
of the donor N atom. In the case of the 6H series the existence of CT bands 
usually obscured the d-d transitions, but in the case of Meprz+ the d-d band was 
visible. The wavelengths were found to decrease in the order H20 (443 nm) > 
sp3 N (all 397 ± 6) > sp2 N (all 383 ± 3 nm) > sp N (all 375 ± 5 mil) > CN" (325
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nm). The CT bands of the substituted pyridines were, as expected, found to lie at 
longer wavelength with decreasing electron density on the aromatic ring.
(v) Evidence for operation of the a-effect was only found for NH2NH2 where 
log K was slightly higher than expected from basicity alone. Furthermore, in the 
case of hydrazine the much lower value of pKc compared to pKa is attributed 
entirely to loss of the a-effect on protonation, since the slope of a ~ 0 in the 
basicity plot should give pKc ~ pKa, as is the case with ethylendiamine.
(vi) Steric effects also operate in this Fe11 system although they are strongly 
influenced, in the case of amines, by solvation effects.
(vii) The role of ion pair interactions clearly becomes significant with highly 
charged species, such as [Fe(CN)5(OH2)]3-, especially where the basicity has 
little effect on the values of log K. The overall effect of such interactions are not 
quantified by this work but may explain differences in apparent K for ligand 
substitution of up to log K = 1 when determined under different conditions. 
However, the main criterion for the validity of this work is the establishment of 
good, reproducible, self-consistent and meaningful patterns, supported by the 
data produced under the "standard" equilibrium conditions and employed during 
in this chapter.
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4.1 INTRODUCTION
4.1.1 Introduction to the use of Fe11 MP-8
Following on from the results of the previous chapter, the survey of the co­
ordination of nitrogenous bases to Fe11 is extended to the water soluble porphyrin 
Fe11 MP-8, where one axial position is occupied by His from the side chain. MP-8 
was chosen as a model cofactor for reasons given in section 1.5. Its single weakly 
bound and lcinetically labile water ligand enables simple determination of the 
single step equilibrium constants for substitution by nitrogenous bases. However, 
while the ferric MP-8 has been well studied, there is limited data available for the 
co-ordination chemistry of the reduced ferrous form. Therefore, in addition to 
extending this survey to another Fe11 system, data will be collected for comparison 
to the patterns already published for a similar study using the Fe111 MP-8.13"16
It has been shown81 that the Fe11 MP-8 exists in equilibrium between its high- and 
low-spin states, with the ratio depending on the solvent system. The high-spin 
state is characterised by the Amax at ca 435 nm, while the low-spin band lies at ca 
414 mn. The presence of sufactants, such as cetyltrimethylammonium bromide, 
promotes the formation of the high-spin Fe11, while in 20% aqueous methanol (as 
used in this work) it is shown that the low-spin state predominates (>90%). On co­
ordination of a N-base the sharpening of the Soret band indicates that the final 
complex exists in a state of >95% low spin. During the course of this work the 
starting aqua complex is treated as low-spin and no corrections are made for the 
presence of any high-spin form.
It has also been demonstrated that the first pK for a spectroscopically detectable 
change at high pH occurs at ca 14, which is assumed to be for the formation of the
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hydroxo complex (although deprotonation of the His is not ruled out),81 and in any 
case lies outside the range of pH required for this work. Thus any formation of the 
hydroxo complex in this work is assumed to be negligible. No mention is made of 
the changes which occur at lower pH.
4.1.2 UV-Vis Spectrum of Fe11 MP-8
The visible spectrum of all porphyrins contains an intense n-n band of the 
porphyrin ring known as the Soret band, ca 400 nm. In contrast to the 
pentacyanide system where the weak d-d spectra (Amoiar -  500 dm3 mol-1 cm*l) 
were available to study, the intense Soret band (Amoiar -  104 dm3 mol-1 cm-1) 
dominates the spectrum of Fe11 MP-8 (A^^ = 414 nm). The data given here in this 
chapter have all been determined by use of the Soret band and all maxima quoted 
refer to the Soret band. No d-d transitions are visible in the spectrum of Fe11 MP- 
8. There is a slight shoulder on the side of the Soret band at higher energy and this 
is attributable to a small amount of high-spin Fe11 present amongst the bulk low- 
spin Fe11.76 The a and (3 bands in the free low-spin Fe11 MP-8 lie at 550 and 520 
nm respectively. The spectrum of Fe11 MP-8 is given in Figure 4.2 below on page 
80.
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4.1.3 Aims of this chapter
The main aims of this chapter are to determine equilibrium constants for the 
substitution of co-ordinated water for a range of N-bases from the four families, in 
a similar fashion to those found for the pentacyanide in chapter 3, and thus;
(i) Test the validity of the LFER of equation (1), and hence determine values 
of a and b for each series to provide the "baseline" from which other effects (e.g. tc 
-bonding, the steric effect and the a-effect) can be studied, and the following 
comparisons made:
(ii) With Fe11 pentacyanide complexes (Chapter 3) in order to test whether the 
ligand environment of the Fe11 has a significant effect or not on the binding 
constants for N-bases or the patterns produced (i.e. compare binding in a simple 
inorganic complex and in the more complicated poiphyrin system), thereby 
establishing the characteristic behaviour of low-spin Fe11.
(iii) With Fem MP-8, as described by Hamza, and thus enable direct 
comparison of the ligand binding properties of the d6 Fe11 and the d5 Fe111 ion in 
identical ligand environments.
(iv) With the low-spin d6 Co111 cobalamin, to provide a comparison of binding 
in two different oxidation states which share the identical low-spin d6 electron 
configuration of the metal.
(v) Test for the operation of the a-effect and the steric effect in a different Fe11 
system, in the light of the data for the Fe11 pentacyanide, and also for comparison 
with the data determined for Fe111 MP-8.
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4.2 EXPERIM ENTAL
4.2.1 Determination of Equilibrium Constants, K
Equilibrium constants, for the substitution of co-ordinated water, were determined
in 20% aqueous methanol at 25°. The use of 20% MeOH was assumed not to
effect the pK of the incoming base. Spectrophotometric titrations were earned out
in cells of 1 cm pathlength in buffered solutions of I  = 0.1 mol dm-3 (NaClO^.
(*sb)
Sodium dithionite was added to deoxygenated solutions^in order to produce the 
Fe11 MP-8 (from Fem MP-8), and further dithionite was added during titrations in 
order to keep the porphyrin in its reduced form (usually required at lower pH 
where re- oxidation was faster). Each experiment contained ca 10+ mol dm-3 
porphyrin, and equilibrium constants were calculated by monitoring changes in the 
main Soret band. Log K values were found by plotting log {(Ax -Aj)/(Ao0 - Ax)}
against log [ Z ] and taking the negative of the intercept at log [Z] = 0. If 
necessary, corrections were made for dilution and for protonated base where the 
pH used was less than 2 log units above the pK of the substituting ligand.
4.2.2 Test for Dimerisation
Tests for dimerisation were made in the case of hydrazine by using cells of 
differing pathlengths. Titrations were carried out in cells of 0.5, 1 and 4 cm 
pathlength, varying the Fe concentration eight fold, to keep the total absorbance 
constant. Other experimental details were as described in section 4.2.1 above.
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4.3 RESULTS
4.3.1 Preparation and Properties of the Fe11 MP-8 Complex
The Fe11 MP-8 was prepared by dissolution of Fe111 MP-8 in 20% aqueous 
methanol and, after deoxygenation, was instantaneously produced by addition of 
sodium dithionite. Preliminary experiments revealed that the use of sodium 
dithionite imder nitrogen was adequate for keeping the oxidation state of the Fe at 
+2 during the course of a titration experiment although oxidation, presumably by 
traces of 0 2, back to the ferric form became much faster when the pH used was 
below pH 5. The spectrum of the reduced species below pH 4 showed a large 
shoulder on the lower energy side of the Soret band, which suggested a significant 
amount of high-spin Fe11 present. At pH < 5, a moderately fast increase in the 
turbidity of the solution was observed, suggesting aggregation of the porphyrin. 
The carboxylate groups on the porphyrin ring are successively protonated as the 
pH is lowered, and this leads to aggregation of the porphyrin rings (normally kept 
apart by coulombic repulsion between the negative charges of their three 
carboxylate groups). The aggregation reduces the solubility of the porphyrin and 
thus causes the turbidity and rise in the baseline. At the higher pH end, the uv-vis 
spectrum was studied up to pH 13, with no significant changes in the spectrum 
noted up to this pH. Debois et a/,81 state that there is a change at pH 13.8, which 
they attributed to either the deprotonation of the histidine or the formation of the 
hydroxo complex. It therefore appears that no significant changes occur until pH > 
13, outside the range used in this work.
The Fe11 MP-8 was shown to obey Beer's Law up to 1.5 x 10"4 mol dm-3, in 20% 
methanol (pH 7) and up to 0.8 x 10~4 mol dm-3 in water (pH 7). The Beer's Law 
plot in 20% methanol is shown in Figure 4.1 below. The intense Soret band of the 
reduced MP-8 was located at 414 nm (cf. Fe111 MP-8 397 nm). The reduced form
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also shows two further broad, less intense bands at 522 and 549 nm (the P and a  
bands respectively), which are absent in the spectrum of Fe111 MP-8. The spectrum 
of Fe11 MP-8 is shown in Figure 4.2 below. On co-ordination of an N-base, these 
two bands tended to sharpen, and as a general rule the Soret band also became 
sharper with a distinct increase in intensity, indicating a complete conversion to 
low-spin Fe11.
Figure 4.1 - Beer's Law Plot for Fe11 MP-8 in 20% Aqueous MeOH at pH 7.
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Figure 4.2 - Spectrum of Fe11 MP-8 in 20% Aqueous MeOH at pH 7.
It is concluded therefore that the Fe11 MP-8 can be used up to a concentration of
1.5 x 1(H mol dm-3 (in 20% MeOH), while the pH range available for study is 
limited only by aggregation at low pH, and deprotonation, forming the hydroxo 
complex, at high pH. Thus the range available stretches from pFI -  4.5 to pH >13. 
Both of these criteria enable the study performed with the Fe11 pentacyanide to be 
repeated using the Fe11 MP-8.
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4.3.2 Co-ordination of Substituted Amines to Fe11 MP-8
The amines selected for study with Fe11 MP-8 with their pKs are displayed in 
Table 4.1 below.
Table 4.1 - Data for the Co-ordination of Amines to Fe11 MP-8
Ligand p K a pH used b log K ±0.1 / nm c
1. n h 2n h 3+ -0.9 6 d 404
2. NH2S 0 3- 0.9 10 e _
3. NH2CH2CN 5.3 10 3.0 412
4. NH2CH2CF3 5.7 10 2.3 412
5. NH2OH 5.96 10 e _
6. NH2CH2CH2CN 7.7 10 2.9 414
7. NH2NH2 8.12 10 d 404
8. NH2CH2CH2Br 8.5 10 3.0 414
9. NH3 9.25 11 2.1 415
10. n h 2c h 2c o o - 9.6 11.2 2.5 414
i i . n h 2c h 3 10.6 13 3.1 416
a pK values taken from ref. 2 3 ;13 pH used for the titration; c 7,max of the Soret band; 
d appears to form a dimer (see text); e gives spectrum suggesting Fe111 MP-8 (see text).
In all cases the pH chosen for each experiment was > 1.5 log units above the pK of 
the base ensuring close to 100% free, unprotonated base in solution. All 
determinations were duplicated and were averaged to give values of log K ± 0.1 or 
better.
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On co-ordination all of the amines in Table 4.1 (except NH2S 0 3_, NH2OH, 
NH2NH2 and NH2NH3+, see below) showed similar slight changes in the 
spectrum with Amax ranging 414 ± 2 nm, with an increase in intensity, and 
sharpening of the a  and p bands at ca 550 nm. The Amax of the Soret band 
appeared to increase systematically as the pK of the co-ordinating ligand rose. 
These equilibria were attained instantaneously, good to excellent isosbestic points 
were observed and a stoichiometry of IB per Fe established. A typical spectrum 
for a titration is shown in Figure 4.3, and the analysis showing n = 1 in Figure 4.4. 
Values of log K and the Soret are given in Table 4.1, and shown graphically in 
Figure 4.5.
Figure 4.3 - Uv-vis Spectra for the Titration of Fe11 MP-8 
with NH3 at pH 11
L
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Figure 4.4*- Log-log Analysis of the Experiment Shown in Figure 4.3, 
showing the n = 1 relationship.
In keeping with the data for the pentacyanide system the values of log K for 2,2,2- 
trifluoroethylamine, ammonia and glycine were found to lie below the "baseline" 
given by the other four well behaved amines (see Figure 4.5 below). This again 
was attributed to erratic behaviour in the case of the trifluoro compound, the effect 
of heavy solvation in the case of ammonia and suppression due to the negative 
charge in the case of glycine (i.e. from the carboxylate group). These four amines 
formed a good "baseline" from aminoacetonitrile (pK 5.3) to methylamine (pK 
10.6). Hence the "baseline" of the amine obeyed the LFER (equation 1) over ca 5 
log units with a = 0.02 and b = 2.95.
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Figure 4.5 - Graphical Representation of log K vs. pK for the Amines
(Data from Table 4.1)
Unexpected complications were observed with NH2OH, NH2NH2 (both used to 
test for the a-effect), NH2NH3+ and NH2S 0 3'. As a test of the a-effect, hydrazine 
and hydroxylamine were both examined but none were found to behave as 
expected. In the case of hydrazine, two sets of isosbestic points were observed 
demonstrating the existence of two overlapping equilibria, while log-log analysis 
of the first equilibrium suggested a slope of 11 < 1. Further experiments with 
hydrazine were carried out with varying pathlengths (0.5, 1 and 4 cm with 
corresponding reduction of [Fe]). Successive additions of hydrazine in every case 
gave a shift of the Soret band to higher energy (404 nm), with a fall in intensity, 
quite unlike the changes observed with the baseline amines. Further addition of 
hydrazine produced the spectrum expected for an amine co-ordinating to Fe11 MP- 
8. It was concluded therefore that on addition of low concentrations of hydrazine 
there is significant dimer formation, which dissociates to the monomer on addition 
of sufficient hydrazine. This effect was observed at the lowest concentrations used
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(i.e. in the 4 cm cell). The hydrazinium ion was found to behave in a similar 
fashion. Therefore it appears that dimerisation can be promoted both by NH2NH2, 
possibly using both N atoms as donors to act as a bridging ligand, and by 
NH2NH3+, where the positive charge may serve to reduce the repulsion between 
the carboxylate side-chains which prevent aggregation.
In contrast, both sulfamic acid and hydroxylamine, added in low concentrations,
1
rapidly produced a spectrum with ZSoret at 397 nm (cf. Fe111 MP-8)13 suggesting 
the formation of a feme complex. This was not reversible by addition of further 
dithionite, and indicated either that the Fe111 complex is greatly stabilised on co­
ordination of the base (cf. a-effect with Fe111 MP-8, ^soret 559 nm) and is therefore 
formed preferentially, or that the incoming base is itself reduced, maybe in an 
analogous reaction to those known for the enzymatic reduction of hydroxylamine. 
In order to test for the latter trimethylamine N-oxide was tested since it is 
analogous to the zwitterionic form of hydroxylamine (viz. Me3N+0 ' and H3N+0" 
respectively). Addition of trimethylamine N-oxide instantaneously gave a 
spectrum with Zsoret at 397 nm, like those obtained with NH2S 0 3 and NH2OH. 
Therefore there may indeed be an unidentified redox reaction taking place. Hence 
neither NH2NH2 or NH2OH could be used to test for operation of the a-effect in 
the Fe11 MP-8 complex.
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4.3.3 Co-ordination of Substituted Azines and Diazines to Fe11 MP-8
A similar series of substituted pyridines and diazines to those studied with the 
pentacyanides was employed in the study of their binding to Fe11 MP-8. Table 4.2 
shows those studied along with their pK's and the pH used.
Table 4.2 - Data for the Co-ordination of 6H Bases to Fe11 MP-8
Ligand pKa pH used log K ±0.1
1. Meprz+ -5 10 5.6 412
2. prz 0.37 6, 10 4.8 411
3. 4-CN-pyr 1.9 6,10 4.6 411
4. prdz 2.3 6 4.0 412
5. pyr 5.2 10 4.1 413
6. 4-picoline 6.0 10 4.3 413
7. 4-(Me2N)~pyr 9.6 11.2 3.9 415
a pK values from ref 23; 6 A,max of the product Soret band.
In all experiments the pH chosen was >3.5 log units higher than the pK of the 
incoming base, except for 4-(Me2N)-pyr (1.5 log units higher), and values of log K 
were determined in duplicate for each base. Equilibria were obtained 
instantaneously, good isosbestic points were observed in all experiments and the 
maximum of the final Soret band was found at 413 ± 2 nm in each case. Analysis 
of the data (change in absorbance at the Soret band) showed a stoichiometry of 1 
base per Fe in each case. The values of log K and the Soret Amax are given in 
Table 4.2, with the data shown graphically in Figure 4.6 below.
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Figure 4.6 - Graphical Representation of log K vs. pK for the 6H Bases.
(Data from Table 4.2)
pK
All of the above bases were found to behave normally (except for pyridazine 
which lies below the line by ca 0.6 log units), and conformed to a good linear 
"baseline", which included the positively charged Meprz+. The potentially a- 
effective pyridazine failed to show any enhancement of log K on co-ordination to 
Fe11 MP-8, in agreement with that observed for the Fe11 pentacyanide, and in fact 
lay beneath the "baseline". Plotting log K against pK gave a good linear 
relationship extending across ca 14 log units, verifying the LFER (equation 1) for 
pyr's and prz's co-ordinating to Fe11 MP-8 with a = -0.09 and b = 4.85.
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4.3.4 Binding of Substituted Imidazoles to Fe11 MP-8
The substituted azoles and diazoles studied with Fe11 MP-8 are shown in Table 4.3, 
in addition to the ligand pK's and the pH used for each experiment.
Table 4,3 - Data for the Co-ordination of 5H Bases to Fe11 MP-8
Ligand pKa pH used log K ±0.1 ^max/nmb
1,2,4-triazole 2.1 7 3.6 413
1-Ac-imH 3.1 7 3.7 416
5-Cl-l-Me-imH 5.1 10 3.8 414
imH 7.1 10 3.8 416
1-Me-imH 7.2 10 3.9 415
triazolate anion 10.1 11.2, 13 3.0 414
a pK values from ref. 23, except 5-Cl-N-Me-imH from ref. 13; 6 Amax product Soret band.
The pH chosen for each experiment was always >1.5 log units higher than the pK 
of the base, and all values quoted refer to duplicate experiments correct to ± 0.1 
log units or better. In all experiments equilibria were attained instantly with good 
isosbestic points observed. The log-log analysis of the data for each experiment 
gave a slope of n = 1, demonstrating a stoichiometry of one B per Fe. The data 
given in Table 4.3 above along with the Soret A,max of the product and is displayed 
graphically in Figure 4.7 below.
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Figure 4.7 - Graphical Representation of log K vs. pK for 5H Bases.
(Data from Table 4.3)
In contrast to Fem MP-8 where 1-acetylimidazole was found to give an 
anomalously high binding constant, in the case of Fe11 MP-8 the value for log K 
was found to conform to the "baseline" established by the other imH's. The 
negatively charged triazolate ion was once again fell below the imH baseline 
which was attributed to coulombic repulsion with the negatively charged porphyrin 
ring prior to co-ordination. All neutral bases tested formed a good linear 
"baseline" verifying the LFER (equation 1) with a = 0.03 and b = 3.5, over ca 8 pK 
units.
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4.3.5 Binding of Nitriles to Fe11 MP-8
The only two nitriles studied with Fe11 MP-8 are presented in Table 4.4 below, 
together with their pIC values and the pH used.
Table 4.4 - Data for the Co-ordination of nitriles to Fe11 MP-8
Ligand PK pH used log K ±0.2 ^max^ nm
MeCN -10 a 10 1.0 ~ 412
c n n h 2 1.1 b 10 0.7 ~ 412
a ref. 116;b ref. 117.
All experiments were performed at pH 10, and carried out in duplicate. Because of 
the low values of log K and the small changes in the spectrum observed on co­
ordination, the final spectrum was not obtained before the effects of dilution 
became too great. Hence the final absorbance was found by graphical 
extrapolation. The data in the log-log analysis showed a slope of n = 1, 
representing the co-ordination of one base per Fe, and extrapolation to the abscissa 
gave the values of log K quoted above, and thus a slightly larger error was 
incurred.
The values of log K and approximate positions of the product Soret band are given 
in Table 4.4 above. Although only two nitriles have been determined, their pKs 
differ by ca 11 log units but their values of log K differ by only 0.3 log units. It is 
not unreasonable therefore to assume that, in a similar fashion to the other three 
families, a nitrile family would obey the LFER (equation 1) and show a value of a 
~ 0 and b ~ 1 with Fe11 MP-8.
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4.3.6 Operation of the Steric Effect with Fe11 MP-8
Sterically hindered amines were chosen in order to assess the effect of both a  and 
p branching on the value of log K in the amine series, together with 2-picoline 
representing the 6H series. The bases tested for a steric effect (including the parent 
species MeNH2 from section 4.3.2 and 4-picoline from section 4.3.3) are shown, 
with their pK values, in Table 4.5 below.
Table 4.5 - Data for the Steric effect with Fe11 MP-8
Ligand pK a pH used logK
parent MeNH2 10.6 13 3.1 416
P-branching EtNH2 10.6 13 _ b i
i“PrNH2 10.6 13 _b -
t_BuNH2 10.6 13 _ b -
a-branching Me2NH 10.6 13 _b -
Me3N 9.76 13 _ b -
parent 4-picoline 6.02 10 4.3 413
2-picoline 6.0 10 1.0 -4 1 5
a pKs from Ref. 23; b possible dimer formation, see text.
All potential ligands were studied at pH's well above the pK of the incoming base, 
and were carried out at least in duplicate. Reasonable isosbestic points were 
observed in the case of 2-picoline (after accounting for dilution effects) and the 
final absorbance was obtained by graphical extrapolation. The log-log plot 
demonstrated a stoichiometry of one base per Fe. The suppression of log K in
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going from 4-picoline to 2-picoline by 3.3 log units is virtually identical to the 
difference between the same pair with the Fe1! pentacyanide (viz. 3.5 log units).
In the case of every sterically hindered amine (i.e. with the exception of MeNH2) 
the initial addition of base produced a gradual broadening of the main Soret band, 
with little shift in the +max. In experiments involving EtNH2, i_PrNH2 and t- 
BuNH2 further additions of base then produced a much sharper and more intense 
spectrum, approximately that expected for an amine co-ordinated to Fe11 MP-8. 
This suggested that if sufficient base was added the monomeric form could be 
obtained (cf. hydrazine). It became more difficult to obtain the monomeric 
complex as the amines became more sterically hindered or more hydrophobic. 
This was attributed to the promotion of dimer formation produced by hydrophobic 
interaction between the alkyl substituents of the ligand and the porphyrin rings, i.e. 
with increasing hydrophobicity of the base, there is greater preference for 
association of the porphyrin rings.
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4.4 DISCUSSION
4.4.1 Comparison of Data for Fe11 MP-8 and Fe11 Pentacyanide
The results of this chapter on Fe11 MP-8 and those given in Chapter 3 on Fe11 
pentacyanide provide a good comparison between the co-ordination chemistry of 
the low-spin d6 Fe11 ion within two rather different ligand environments. This 
enables us to examine the behaviour of the central metal and how it is affected by 
changing its non-labile ligands. Table 4.6 below shows the values of a and b for 
all of the families with four different systems, and Figures 4.8 and 4.9 show the 
plots for all of the ligands which comprise their respective "baselines", co­
ordinating to Fe11 MP-8 and the Fe11 pentacyanides respectively.
Table 4.6 - Values of a and b for both Fe11 systems, Fe111 MP-8 and Co111 Cbi
Fe11 MP-8 Fe11 (CN)5 Fe111 MP-8 Co111 Cbi
Family a b a b a b a b
r n h 2 0.02 2.95 0.05 3.6 0.43 -0.5 0.58 -2.6
6H -0.09 4.85 -0.05 5.0 0.36 0.8 0.47 0.2
5H 0.05 3.5 -0.025 4.5 0.34 2.1 0.42 1.3
RCN ca 0 ca 1 ca 0 ca 2.3 - - - -
Ref. a a a a 15 15 18 18
a This work
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Figure 4.8 - Comparison of all four baselines for Fe11 MP-8
(♦ - RNH2, ■ - 6H, A -  5H, •  - RCN.)
Figure 4.9 - Comparison of all four baselines for Fe11 Pentacyanide
(♦ - RNH2, ■ - 6H, a - 5H, •  - RCN.)
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The results obtained in this chapter for the co-ordination of N-bases to Fe11 MP-8 
show a remarkable parallel to the patterns discovered for the co-ordination of a 
similar set of bases to Fe11 pentacyanide. Values of log IC for the co-ordination of 
the azines and diazines are almost identical in both the pentacyanide and the 
ferrous MP-8, with a slightly more negative slope in the latter case. With the 
substituted amines and the imidazoles values of log K determined with the Fe11 
MP-8 are ca 1 log unit lower than those found for the pentacyanide. Once again 
the slopes are very comparable. All of the basicity plots show that for every 
family of N-bases co-ordinating to Fe11, the value of a is always close to zero (i.e. 0 
± 0.1), i.e. there is little dependence of log K on the basicity of the incoming 
ligand. The independent study of two different Fe11 systems, providing data with 
near identical patterns, has served to demonstrate that the slopes of a ~  0 are 
attributable to the behaviour of the central Fe11 metal ion. Thus the data of this 
chapter q& important in confirming that the unusual patterns observed in Chapter 
Three are not simply due to some anomalous behaviour of the pentacyanide.
The study of the a-effect with both Fe11 ligand environments provided no direct 
evidence for its operation in either case. Hydrazine was virtually on the "baseline" 
in both cases, while hydroxyalmine and pyridazine both fell below the line. It 
appears therefore that when a ~ 0 other factors such as solvation effects become 
more important and thus effectively can more than cancel out any enhancement 
attributable to the a-effect. The steric effect was studied with the simple amines 
for both Fe11 complexes, behaving anomalously in both cases. This was 
attributable to dimer formation in the case of Fe11 MP-8, while the anomalous 
pattern of log K with the Fe11 pentacyanides was attributed to unusual solvation 
effects (see Section 3.4.2). However, comparing 2-picoline and 4-picoline showed 
a large suppression of log K (by ca 3.5 log units) with both Fe11 complexes 
comparable to that reported for Fe111 MP-8 (viz. >3 log units).
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4.4.2 Comparison of Data for Fe11 MP-8 with Fe111 MP-8 and (aq, CN) Cbi
Data determined in this chapter for Fe11 MP-8 allow one. to compare the patterns 
obtained for Fe11 MP-8 with those seen with Fe111 MP-8 (i.e. assessing the effect of 
the oxidation state of the Fe), and those seen with Co111 corrinoids (i.e. in a 
complex with which the Fe11 is isoelectronic). See Table 4.6 for a comparison of 
the values of a and b.
For all families of nitrogenous bases, co-ordinating to Fe11 MP-8, the value of a 
was found to be very close to zero, or even negative, and the intercept at the y-axis 
(giving the value of b = 3.0 - 5.0) was positive. This was in contrast to the data 
with Fe111 MP-8 where the slopes were all positive (giving a = 0.3 - 0.5) and the 
intercept ranged between 2.1 (for the imidazoles) and -0.5 (for the amines).13 The 
data for the Co111 corrinoid (aq, CN) Cbi produced patterns similar to those of Fe111 
MP-8 (i.e. positive values of a and low values of b)18 again in contrast to the 
patterns observed with Fe11 MP-8.
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4.5 SUMMARY AND CONCLUSIONS
The data presented here in this chapter provide equilibrium constants for the 
substitution of co-ordinated water by almost thirty nitrogenous bases from four 
different families (amines, py's, imH's and RCN) determined in 20% aqueous 
methanol, by uv-vis spectrophotometry at 25°. The values obtained have been 
discussed in terms of the ligand basicity and the steric effect, and the operation of 
the a-effect is also discussed. This appears to be the first systematic study where 
values of log K for the single-step substitution of co-ordinated water are 
determined in near* aqueous solution for any Fe11 porphyrin. The following points 
represent the major conclusions of this chapter;
(i) In the absence of complicating factors (such as the steric effect, the a- 
effect, anomalous reactions, dimer formation or a negative charge on the 
substituting base) baselines can be established for the three main families of 
nitrogenous base (viz. amines, 6H, 5H), verifying the LFER (equation 1) in each 
case. Once again the diazines were found to behave as py's, and triazole was found 
to behave as an imH. In addition Meprz+ (pK -5) could also be included in the 6H 
series extending the plot to > 14 log units.
(ii) The values of a for these three families (including the amines which cannot 
7i-bond) were close to zero, demonstrating that the binding of a N-base to Fe11 in a 
porphyrin is virtually independent of the ligand basicity, reinforcing the evidence 
for the lack of M-L 71-bonding (cf. Chapter 3).
(iii) The binding of nitriles was not extensively studied due to their much 
weaker binding to the Fe11 MP-8 compared to the Fe11 pentacyanide. However, 
data wm  obtained for acetonitrile and cyanamide and together implied a slope of a 
~ 0 and b ~ 1 for the RCN series also.
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(iv) Slopes of a ~ 0 are shown by the Fe11 MP-8 and Fe11 pentacyanides and 
therefore reflect a property of the low-spin Fe11 itself, relatively independent of its 
ligand environment
(v) Of the 3 ligands tested for possible operation of the a-effect, NH2OH 
reacted irreversibly (with a similar reaction shown by Me3N+-0"), NH2NH2 
formed a second (probably dinuclear) complex which prevented an accurate 
determination of log K, and prdz gave a value of log K lower than expected from 
its basicity alone.
(vi) Comparing 2- and 4-picoline (log K 1.0 and 4.3 respectively) showed a 
marked steric effect, but complications ascribed to dimerisation were experienced 
with the sterically hindered, more hydrophobic amines, and their values of log K 
could not be found.
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5.1 INTRODUCTION
5.1.1 Introduction to the use of S-Ligands
The involvement of sulphur in a wide variety of biological reactions makes it of 
great interest to biochemists, and thus an extension of this systematic study to 
include a range of related S-bases is logical. Fe11, like Cu1, is known to behave 
anomalously among the first row transition metal ions in its unusually strong 
binding of S-ligands (eg. thiols, thioethers, thiourea), in competition with water.6 
For this work ligands derived from divalent sulphur with sp3 (or equivalent) 
hybridisation were chosen, which should allow the closest comparison with the N- 
bases (viz. the amines with sp3 hybridised N). S-bases are also much softer than 
N-bases providing a comparison between hard and soft ligands.
Work with the Fein form of MP-8 has shown that thiolates (pK 8-10), thiolacetate 
(pK 3.4) and thiourea (pK 0, protonated on S) appear to form a "family" of S- 
ligands where the LFER (equation 1) is obeyed over ca 9 pK units. Thiosulphate, 
ethylxanthate and thiocyanate failed to obey the relationship. It is somewhat 
difficult to assess the parent thiols (RSH) and derived thioethers (RSMe) since 
their pKs (to form RSH2+ and RSHMe+ respectively) are not known. A value of 
pK ca -6 has however been estimated for thiols,132 and we use a value of ca -5, 
henceforth, for all RSH and RSMe ligands tested. The S-ligands selected for study 
are shown in Tables 5.1 and 5.2, together with their pKs where known.
No data are available for the co-ordination of any S-bases to Fe11 MP-8, or 
apparently to any protein-free Fe11 porphyrin. However, data for the co-ordination 
of S-bases to the d5 Fe111 MP-8<ws available,133 and in keeping with the data for N- 
bases with Fe111 MP-813 a positive slope for a was observed (a ca +0.7) although 
this appeared to lose its linearity below pK 4. This slope, however, is somewhat
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higher than observed for the N-bases (a = 0.4 to 0.6) and this may be reflected in 
the value of a obtained from the Fe11 MP-8. Therefore, this work represents the 
first systematic study of a series of S-bases with Fe11 MP-8.
5.1.2 Previous work on Fe11 pentacyanide plus S-bases
Relatively little has been done on the co-ordination of S-ligands to Fe11 
pentacyanides. The thiourea complex with Fe11 pentacyanide has been more 
extensively studied although only one uv-vis spectrum has been reported, A,max 
406 nm. From the kinetic data (where K = kf/kr; 25°, 7= 0.1 mol dm-3) two values 
of log K (3.75 134 and 3.67)135 can be derived, showing good agreement. 
Published data for methionine, co-ordinating to Fe11 pentacyanide, suggests that 
initially binding is through its nitrogen, but this complex is kinetically labile and 
swiftly isomerises to form the sulphur bound isomer. The A.max of the final 
complex is quoted at 390 nm (Amoiar ca 400 M'1 cm-1),136 although a value of log 
K = ca 6, presumably refers to the initial N-bound isomer, although this is not 
clear.62 A few other S-bases have been shown to bind to Fe11 pentacyanide; 
thioacetamide (log K = 5.0);134 dithiooxamide (5.2);134 allylthiourea (3.6);135 and 
dimethylthiourea (3.5).13 5
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5.1.4 Aims of this Chapter
The general objective of this chapter is to establish the binding of a series of S- 
bases to both of the FeTI systems studied in the previous two chapters. The general 
methods adopted will be largely very similar to those used before with the N- 
bases. The main aims of this chapter are therefore to:
(i) Test for a possible family of S-ligands with sp5 hybridised S as the donor, 
which might serve to extend the range of pK from thiolates (pIC ~ 10) to cover 
lower pK values, test whether or not RSH and RSMe are equivalent to RS-, and 
thereby test the validity of the LFER of equation (1) for these S-bases, and 
determine the values of a and b for comparison to those obtained with the N-bases.
(ii) Compare the patterns provided by the two Fe11 ligand environments, to 
establish that the effects are attributable to the metal centre alone.
(iii) Compare the data of S-bases and N-bases with both systems, in order to 
test whether the slopes of a ~ 0 can be observed with a series of softer ligands.
(iv) Provide data for the first systematic study of a series of S-bases with any 
Fell system, which for the Fe11 MP-8 can be used in conjunction with the data for 
the FeUl MP-8 to provide data which is of interest to the bio-inorganic chemists.
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5.2 EXPERIMENTAL
5.2.1 Determinations using Fe11 MP-8
Equilibrium constants were determined for the substitution of co-ordinated water 
by the given S-ligand in 20% aqueous methanol at 25°. Spectrophotometric 
titrations were carried out in cells of 1 cm pathlength, in buffered solutions of /  = 
0.1 mol dm-3. Sodium dithionite was added to deoxygenated solutions in order to 
produce the Fe11 MP-8, and in experiments at lower pH, further dithionite was 
added as required to keep the porphyrin in its reduced form. Each experiment 
contained ca 10"4 mol dm-3 porphyrin, and equilibrium constants were calculated 
by monitoring changes in the main Soret band. Log K was found by the same 
methods used for the co-ordination of N-bases (see Section 2.3.1). In some cases 
correction was required due to the low solubility of the base (giving a dilution 
effect observable in the uv-vis spectrum). In other cases the dilution effect was 
circumvented by addition of known masses of the solid base.
5.2.2 Determinations using Fe11 pentacyanide
The method adopted for the co-ordination of S-bases was very similar to that 
utilised for the N-bases in chapter 3. The binding of the majority of the S-bases 
was high enough for determinations to be carried out through use of the MeCN 
starting complex. All spectrophotometric titrations were carried out at 25°, with a 
1 cm cell pathlength, and I  — 0.1 mol dm-3, adjusted by the addition of NaC104. 
Side reactions were largely suppressed by thorough deoxygenation and addition of 
10"3 mol dm-3 ascorbate. Each experiment contained approximately 10-4 mol dnr 
3 of the Fe11 complex, and the titration was followed by measuring the change in 
absorbance at a single wavelength, usually at the Amax of the product, although the
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decrease of the starting complex was followed in some cases. The experimental 
data wm  used to give the value of log K and described in section 2.3.1. In 
experiments where the solubility of the incoming base was rather low, the 
absorbances were corrected for the effects of dilution prior to the calculation of the 
binding constant. Alternatively, known masses of the solid base were introduced 
through successive additions, to overcome this dilution effect.
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5.3 RESULTS AND DISCUSSION
5.3.1 Co-ordination of S-bases to Fe11 MP-8
The bases used along with their pK's, the pH used for each experiment, the A,max of 
the product Soret band and the calculated log K's are given in Table 5.1 below.
Table 5.1 - Data for the Co-ordination of S-bases to Fe11 MP-8
Ligand pK a pH used logK ^max7nm b
1. Dithioerythritol (neutral) ca -5 6 2.30 414
2. Cysteine (neutral) ca -5 6.5 _c 416
3. Methionine ca -5 10 2.75 415
4. N-acetylmethionine ca -5 10 2.85 415
5. Thiocyanate -2 6.5,8 - 0 d 416
6. Thiourea 0 10 1.90 414
7. o-ethylxanthate 1.5 8 - _
8. Thiosulphate 2 8 < 0  d -4 1 5
9. Thiolacetate 3.4 11 2.65 416
10. Dithioerythritol (anionic) 9.1 12 2.7 415
11. Cysteine (anionic) 9.2 12 2.1 415
a Known pKs from ref 23; b of product Soret band; c possible dimer formation, see text;
d errors > 0.2.
The pH for each experiment was always >1.5 log units above the pK of the base. 
All values of log K represent the average of at least duplicate experiments, with 
log K's correct to ± 0.1 log units or better, unless stated. All S-bases gave rise to
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similar spectra on co-ordination, with the Soret band rising in intensity and 
sharpening, while shifting slightly to lower energy. Reasonable isosbestic points 
were observed in each experiment. The similarity of the spectra to those with N- 
bases (see previous chapter) meant that where S and N were both present, as in the 
case of anionic cysteine, the identity of the donor atom could not be inferred from 
the spectrum. However, addition of 0.1 mol dm-3 sodium acetate to a Fe11 MP-8 
solution gave no change in the spectrum and thus eliminated co-ordination through 
a carboxylate group of cysteine. Thiourea is known to be protonated on its sulphur 
and co-ordination may therefore involve S, but cannot be assumed. Neutral 
cysteine behaved in a fashion very similar to that of the sterically hindered amines 
with Fe11 MP-8. Addition of cysteine, at pH 6.5 (i.e. as neutral RSH), produced a 
broadening of the Soret band with little change in intensity, and thus initial 
formation of some dimeric species was assumed. An example of the changes in 
the uv-vis spectrum is shown in Figure 5.1, and its log-log analysis is given in 
Figure 5.2, showing the slope of n = 1. In all cases the stoichiometry was found, 
from the log-log analysis, to be one base per Fe.
Figure 5.1 - Changes in uv-vis spectrum on titration of 
Fe11 MP-8 with Cysteine at pH 11
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Figure 5.2 - Log-log analysis of above spectrum showing 1:1 stoichiometry for 
the titration of Fe11 MP-8 with Cysteine at pH 11.
Thiolacetate could be determined since its coloured band (ca 360 nm) did not 
interfere sufficiently with the Soret band to prevent a value being found. However, 
o-ethylxanlhic acid was coloured lo the extent that it obscured the relevant bands 
in the uv-vis spectrum, and could not be studied. Thiosulphate and thiocyanate, 
gave low values of log K, which were obtained by addition of a known mass of 
solid base for each addition, giving only approximate values for their binding 
constants. The values of log K, and the Amax of the product Soret band are given 
in Table 5.1, and the data^e displayed graphically in Figure 5.3 below.
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Figure 5.3 - Graphical Representation of log K vs. pK for S-Bases 
with Fe11 MP-8 (Data from Table 5.1)
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With the exception of NCS“ and S2O32", which have already been shown not to 
belong to the thiourea/RCOS'/RS" series with Fem, the remaining six ligands (RS", 
RCOS", thiourea, RSH, RSMe) provide a reasonably satisfactory linear plot, 
corresponding to a = 0.04 and b -  2.4. The treatment of both neutral and 
negatively charged bases as part of the same family is justifiable since in the case 
of N-bases co-ordinating to Fe11 MP-8 both negatively and positively charged 
ligands were found broadly to co-ordinate according to the same baseline as the 
neutral ligands.
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The S-bases studied with the Fe11 pentacyanides, their pK's and the pH used for 
each experiment are given in Table 5.2 below.
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5.3.2 Co-ordination of S-bases to Fe11 Pentacyanide
Table 5.2 - Data for the Co-ordination of S-bases to Fe11 Pentacyanide
Ligand pK a pH used log K ^max7nm b
1 Dithioerythritol (neutral) <-5 6 5.05 395
2 Cysteine (neutral) <-5 6.5 5.50 395
3 Methionine ca -5 10 5.55 393
4 N-acety lmethionine ca -5 8 , 1 0 5.20 393
5 Thiocyanate -2 8 2.5 c 390
6 Thiourea 0 10 4.5 403
7 o-ethylxanthate 1.5 8 _ d _
8 Thiosulphate 2 8 - 1  c >385
9 Thiolacetate 3.4 9 _ d -
10 Dithioerythritol (anionic) 9.1 1 1 4.2 394
1 1 Cysteine (anionic) 9.2 12 4.65 391
a exact pK values taken from ref 23; b maximum of the product d-d band; c determined via the 
aqua complex (not the MeCN complex); d coloured base, see text.
The pH chosen for each experiment was always >1.5 log units above the pIC of the 
incoming S-base. All values quoted were found through at least duplicate 
experiments, giving values correct to ± 0.1 log units or better. In virtually every 
case (except thiourea) the d-d band of the pentacyanide shifted to higher energy (A 
max = 393 ± 2 nm), with a small decrease in intensity, on co-ordination of the S-
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base (see Figure 5.4). Behaviour was similar in the case of all three types of S- 
ligand, with little difference apparent in the spectra for the binding of RS", RSH 
and RSMe. The only base which did not conform was thiourea, which gave a 
spectrum more characteristic of an amine (cf. 403 nm with the Amax of RNH2 in 
Table 3.5), and thus thiourea may bind through N and not S. Binding through the 
S was confirmed by the spectrum in cases such as cysteine where other groups 
were available as potential donors (i.e. similar to those bases where binding has to 
be through the S). Addition of 0.5 mol dm-3 sodium acetate gave no significant
fcUiE. <:cw'b<j*y• V
change in the uv-vis spectrum and thus ^  was eliminated as a potential donor 
group in cysteine. Good to reasonable isosbestic points were always observed, 
although they were often disrupted by the effect of dilution as the experiment 
progressed. An example of the changes in the d-d spectrum is given in Figure 5.4, 
with the corresponding log-log analysis, showing the 1:1 stoichiometry, shown in 
Figure 5.5. Log-log analyses showed a stoichiometry of one base per Fe in each 
case.
Difficulty was also created by those bases whose log K was less than that of the 
starting MeCN complex (log K = 2.6) and in those cases, where possible, an 
estimation of the binding constant was obtained via the aqua complex.
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Figure 5.4 - Uv-vis Spectra for the Titration of Fe11 Pentacyanide 
with N-Ac-met at pH 10
Figure 5.5 - Log-log plot showing 1:1 stoichiometryfor the Titration 
of Fe11 Pentacyanide with N-Ac-met at pH 10
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O-ethylxanthate and thiolacetate both gave coloured bands which obscured the d-d 
spectrum of the Fe complex and thus made determination of log K impossible. 
The thiolates dithioerythritol and cysteine were found to bind in both their anionic 
(RS“) and neutral (RSH) forms. The thioethers methionine and N- 
acetylmethionine also bound similarly to the thiolates, but with slightly higher 
values for log K. The results for the co-ordination of S-ligands to Fe11 
pentacyanide are shown in Table 5.2, along with the product A,max, and displayed 
graphically in Figure 5.6 below. Plotting the data, including thiourea, gives a 
reasonably linear plot for the LFER (equation 1) over ca 14 log units with a = -0.7 
and b = 3.7. If one discounts thiourea there is no data point on the line between 
RSH/RSMe and RS". However, assuming they all form part of the same family (as 
shown for Fe11 MP-8 in Section 5.3.1), and differ only by < 2 log units over 14 pK 
units, it is reasonable to conclude that a < 0.
Figure 5.6 - Graphical Representation of log K vs. pK for S-bases with 
Fe11 Pentacyanide (Data from Table 5.2; hollow square represents thiourea)
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5.4 SUMMARY AND CONCLUSIONS
In this chapter log K values for the substitution of co-ordinated water have been 
determined for about 10 S-bases with both Fe11 pentacyanide and Fe11 MP-8. The 
values were all found spectrophotometrically at 25° by direct equilibrium studies, 
using methods similar to those by which this was achieved in Chapters 3 and 4 
with the N-bases. The values have been discussed in terms of the ligand basicity 
and their coulombic repulsions only since other effects (e.g. steric) were not 
studied due mainly to the lack of appropriate bases which are readily available. 
This is the first time a series of S-bases has been fully and systematically studied 
with Fe11, and in the light of the data produced the following points can be made:
(i) The family of S-bases used was extended to cover ca 14 pK units, and this 
therefore represents the first study of a family of S-bases co-ordinating to Fe11. 
The neutral thioethers were found to bind with log K values similar to the 
negatively charged thiolates, although their binding constants were systematically 
higher in both Fe11 systems. The neutral thiols tested were also found to bind with 
log K values comparable to the thiolates (cf. trH and tr in the N-bases with Co111 
and Fe111 in particular) and thus the charge of the ligand appears to have only small 
effects on the observed binding constant. Therefore it appears that RS", RSH and 
RSMe, with thiolacetate, can be considered as part of a single family of S-ligands.
(ii) In a very similar fashion to the data produced for the N-bases, the binding 
of S-bases was largely independent of the ligand basicity, obeying the LFER 
(equation 1) in both systems. Therefore as for the N-bases, the values of a were 
close to zero, with fairly high values of b. Hence "hard" and "soft" ligands provide 
similar patterns.
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(iii) Once again the similarity of the two Fe11 systems (pentacyanide and MP-8) 
is demonstrated, providing further evidence that the effects are attributable to the 
LS d6 Fe11 centre alone and not markedly dependent on the other ligands present.
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6.1 INTRODUCTION
6.1.1 Introduction to the use of Cu1
The previous three chapters have discussed the so far unique ability of the Fe11 ion 
to co-ordinate several series' of N- and S-bases apparently independently of the 
ligand basicity in competition with FfyO. However, since the Cu1 ion shares with 
Fe11 the ability to co-ordinate MeCN in competition with water, and also the ability 
to co-ordinate species such as CO and thioethers it is not unreasonable to speculate 
that the apparent soft character is a common denominator between both ions.6 
Therefore in this chapter the ability of Cu1 to co-ordinate N-bases is investigated 
adopting a similar, but more qualitative, approach in the linking of binding of Cu1 
to the basicity (pK) of the ligand.
For reasons already discussed in Section 1.3, we would also like to obtain data
which, in conjunction with published data on Ag1 and Au1, will allow correlations
to be made with the irregular pattern observed for the d-s promotion energies (viz. 
2,
Au+ < Cu+ « Ag+). The two imusual features which are particularly of interest 
are the values of a with the simple aliphatic amine family and the high binding 
constants of MeCN. These correlations may help to shed light on the importance 
of the outer s and p orbitals in M-L bonding of at least these "soft" metal ions. As 
a general rale the results presented here will be discussed in terms of the outer s 
orbital, and for simplicity the possible involvement of the higher energy p orbital 
will be ignored.
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6.1.2 Problems associated with the use of Cu1
The use of Cu1 for studies of this kind has always been a complicated process, due 
almost entirely to the fact that the available Cu1 compounds are usually insoluble 
in water, and thus simple studies in aqueous solution are impossible to perform. 
The simple aquated Cu1 ion in aqueous solution rapidly disproportionates to Cu° + 
Cu11 and this must be suppressed, while Cu1 in aqueous solution is also susceptible 
to oxidation to Cu11 and experiments must therefore be carried out with the 
exclusion of oxygen in order to obtain reproducible results. In addition there are 
no d-d spectra available for spectrophotometric study. A further difficulty is 
associated with the instability of CuCl towards the formation of Cu20 , according 
to equation 10.85 Although the stability of CuCl increases with [Cl-], even at a 
chloride concentration of 1 mol dnr3 it is only thermodynamically stable below 
pH 6.85
2CuCl + H20  === Cu20  + 2H+ + 2CI" (10)
Furthermore there are several species of varying co-ordination number and 
structure known to form in the solid state (e.g. tetrameric pyr complexes) and 
therefore elucidating the species present in solution is rather problematic and very 
little help is available in the literature. The only available data relevant here are the 
data published for the co-ordination of imH, where the co-ordination number is 
shown to be two alone, presumably the linear complex.138 Finally, the published 
data for log p2 for imH (= 10.8),139 pyr (= 6.64)140 and NH3 (= 10.55)141 provide 
an apparently anomalous pattern. Unexpectedly, particularly in the light of the data 
determined for Fe11 (viz. log K similar for the three main series, see chapters 3 and 
4), the literature shows that while NH3 and imH have similar log P2 values, 
pyridine is somewhat lower.
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6.1.3 Aims of this Chapter
Since there is a distinct lack of data available for the co-ordination of ligands to the 
soft Cu1 ion, the principle objectives of this chapter are to;
(i) Develop a convenient and at least semi-quantitative method for comparing 
the co-ordination of N-bases with Cu1 and the effect of ligand basicity on the co­
ordination of N-bases to Cu1.
(ii) Study the RNH2 series in order gain a value for a, and therefore allow 
comparison between Cu1 and Fe11 for cr-only N-bases.
(iii) Compare data for NH3, pyr and imH in the light of the apparently 
anomalous data in the literature (see section 6.3.3).
(iv) Use the results of this chapter (on Cu1) and published data (on Ag1 and Au1) 
to test for a possible correlations between observed patterns in the co-ordination of 
N-bases and the d-s promotion energies.
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6.2 EXPERIMENTAL
In the method finally adopted solid CidCl was equilibrated with solutions of 
varying concentrations of base, followed by analysis of the copper solubilised by 
use of the Cun(EDTA) complex. Ca 5 ml of aqueous solution pH 12 (0.01 mol 
dm-3 NaOH), containing the required concentration of base, and 0.1 mol dm-3 
NaCl (in order to keep the chloride concentration constant) were deoxygenated 
with a brisk stream of H2 (selected to provide reducing conditions). Ca 10 mg Cu 
powder (added to suppress disproportionation) and ca 70 mg CuCl were then 
added, and the mixture was allowed to equilibrate while being gently stirred by the 
H2 flow for 1 hr, which was shown to be adequate for aminoacetonitrile, 
dimethoxyethylamine, ammonia, ethanolamine, acetonitrile, pyridine and 
imidazole (and assumed for the others) and much faster than in the absence of 
base. The mixture was filtered and an aliquot of the filtrate treated with EDTA 
and shaken in air to generate the Cun(EDTA) complex, whose concentration was 
determined from the absorbance at 730 mn. A Beer's law plot, following the 
absorbance at 730nm up to 2 x 10'2 mol dm"3, showed that for the CidhEDTA) 
complex, Amoiar = 89.0 dm3 mol'1 cnr1. This was virtually identical to the value 
obtained by reading from a published graph where Amo[ar ~ 90 dm'3 mol'1 cm-1.87 
For each ligand tested the concentration of dissolved copper was corrected for the 
concentration of Cu dissolved as chloro complexes in the absence of base.
For preliminary experiments in which the rate of equilibration was followed larger 
volumes were used (up to 40 ml), with other measures scaled up accordingly. 
Samples were taken at regular' intervals, and the [Cu] determined as described 
above.
The dissolution of CuCl in the presence of prz was found to be kinetically very 
slow, and the low values of Cu taken into solution could not be detected by the
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usual method (viz. Cun(EDTA) complex). Hence, atomic absoiption spectrometry 
was employed to confirm that Cu was still being solubilised, albeit slowly. 
Against a set of standard Cu solutions, the samples were tested and served to 
confirm the slow equilibration with prz (see section 6.3.1).
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6.3 RESULTS AND DISCUSSION
6.3.1 Rate of Dissolution of CuCl
Preliminary experiments with CuCl in the absence of any added base with varying 
pH (from pH 5-12) demonstrated that the concentration of Cu dissolved after 5 
minutes became much higher below pH 8, but was very slow above pH 8, though 
still detectable at pH 12. Since the series of aliphatic amines was of greatest 
interest, the pH was standardised at pH 12, to both enable the determination of all 
the amines and also to minimise the background dissolution of Cu. Additional 
chloride (0.1 mol dnr3 NaCl) was also added in order to keep the concentration of 
free Cl“ constant in each experiment. Similarly experiments with and without the 
presence of copper metal showed that the addition of Cu° also slowed the rate of 
Cu dissolution, possibly through the suppression of disproportionation of the Cu1. 
It was also shown that the use of a hydrogen atmosphere, rather than nitrogen, 
slowed the rate of Cu dissolution further presumably by suppressing any oxidation 
to Cu11.
In order to establish the time required for equilibrium to be attained, several 
experiments were performed with a range of bases, at various concentrations. . 
Experiments were carried out at pH 12, and were followed by regular sampling of 
the reaction mixture, with analysis via the Cun(EDTA) complex. All experiments 
were performed whilst thermostatted at 25°. Four different patterns of 
equilibration were observed (see Figure 6.1 below). These were; (A) a sigmoidal 
rise in [Cu] in the absence of base suggesting some autocatalytic effect; (B) the 
expected asymptotic rise in [Cu] with time, observed for all bases tested (except 
prz, see below) at concentrations >0.5 mol dnr3; (C) a very slow rise in [Cu], in 
the presence of prz where there appeared to be an inhibition of Cu dissolution, 
accompanied by formation of a brown colour on the surface; and (D) an initial
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asymptotic rise levelling off at a [Cu] lower than expected, followed by a 
sigmoidal rise, observed in the presence of 0.3 mol dm-3 ethanolamine. It is 
therefore concluded that there are a number of competing factors affecting the rate 
of dissolution of copper, which can be split into two main categories; (1) 
autocatalysis of the dissolution of Cu by some unidentifiable species and (2) 
Suppression of Cu dissolution, possibly by formation some insoluble complex on 
the surface of the CuCl, effectively "sealing" the surface of the solid CuCl.
It appears that the presence of 1 mol dm-3 base in most cases catalyses the 
dissolution of Cu, via the formation of the soluble Cu-B complexes on the CuCl 
surface, such that the sigmoid pattern is no longer observed. The anomalously 
slow equilibration of pyrazine is attributed to the known lack of solubility of Cu1- 
prz complexes142 (and possibly their corresponding dimeric or polymeric species) 
which probably seal the CuCl surface.
Figure 6.1 - Comparison of the Four Patterns Observed for the 
Dissolution of Copper with time (Letters as in text above).
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Experiments were earned out at lower base concentrations with some of the simple 
amines at pH 12, but with a short equilibration time (5 mins) in order to examine 
the effect of the nature and cocentration of the base on the rate of dissolution of 
Cu. A linear dependence, up to 0.5 mol dm-3 base was demonstrated for MeNH2 
and ethanolamine, but a curve was observed with both NH3 and EtNH2 (see Figure 
6.2). i.e. even bases, which one would expect to behave in a similar fashion, can 
vary. Some bases gave a deep blue colour almost immediately on addition of the 
CuCl. This occurred in the cases of glycine, glycine methyl ester, and 
ethylenediamine, and was attributed to the formation of a stable Cu11 complex. 
This is expected since the [CuEen] species is known to be unstable in 
electrochemical experiments.143 All of the experiments with these bases were 
therefore discarded.
Figure 6.2 - Comparison of [Cu] dissolved in the presence of MeNH2 (■) 
and EtNH2 (♦ ) after 5 mins at pH 12
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Several experiments were performed in the absence of base, under the standard 
conditions described above, but allowing equilibrium to be attained, in order to 
establish the amount of Cu dissolved by the chloride alone and effectively 
providing a "blank" value which could then be subtracted from the Cu 
concentrations gained in the presence of base. The system was shown to reach 
equilibrium after 3 hours, much slower than in the presence of a base, but 
nonetheless considerably faster than the previously published data82 which 
indicated that 2 or 6 days are required. In all six individual experiments were 
performed, one of which is shown in Figure 6.1 above, and the [Cu] found from all 
of these was (8 ± 1) x 10'3 mol dm-3. Hence, the standard "blank" copper 
concentration was taken as 8 x 10~3 mol dm-3, a value comparable to that found by 
Ahrland and Rawsthorne of 4.7 x 10"3 mol dnr3 under conditions of much higher 
ionic strength, and low pH where the CuCl is stable towards the formation of 
Cu20  and the predominant complex in solution is identified as CuCl2\ 82 
Considerable variation was observed in the equilibration patterns of the six 
experiments with both the length of the induction period and the rate of the 
apparent autocatalysis proving unreproducible. However, the end point was, 
within experimental error, the same in each experiment. Therefore, although the 
pattern of equilibration may vary slightly from experiment to experiment the final 
concentration of Cu solubilised is always the same. Substituting CuCl with Cu20  
in the absence of 0 2 gave <1 x 10"4 mol dnr3 Cu dissolved after 48 hours (below 
the limit detectable by the Cun(EDTA) complex), in experiments with Cu20  alone 
and even with Cu20  in the presence of 1 mol dm-3 imH. It therefore appears that 
under our experimental conditions CuCl is metastable with respect to the 
formation of Cu20 , but the formation of Cu20  does not interfere with the 
dissolution of CuCl being studied, and is ignored. It therefore appears that under 
our experimental conditions (pH 12, 0.1 mol dm-3 NaCl) Cu20  is probably both 
thermodynamically and kinetically inert towards dissolution, while CuCl is 
metastable towards re-precipitation as Cu20  but is in relatively labile equilibrium
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with Cu1 complexes in solution. This provides an unusual approach for the semi- 
quantitative comparison of the binding of various N-bases by the Cu1 ion in 
aqueous solution.
6.3.2 Determination of Co-ordination Number
In order to determine the co-ordination number of the complexes formed, CuCl 
was equilibrated at pH 12 in 0.1 mol dm-3 NaCl under H2 with varying 
concentrations of base. Since a co-ordination number of 2 alone has been found 
previously for imidazole (electrochemically determined),138 initial experiments 
were performed in order to confirm that this is also the case with this method.
Imidazole solutions of concentrations varying from 0.2 to 1.3 mol dm-3 were 
allowed to reach equilibrium under H2, and the [Cu]^ determined via the 
Cun(EDTA) complex, where [Cu]N is the concentration of copper dissolved as a 
complex with a N-base found after subtraction of the 8 x 10‘3 mol dm-3 (that 
assumed to dissolve as chloro complexes) from the total [Cu] observed to dissolve. 
The stoichiometry was established as 2B per Cu by obtaining a linear plot for [Cu] 
against [imH]2, as shown in Figure 6.3 below.
Figure 6.3 - Plot demonstrating the Stoichiometry of 2B per Cu for imH
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Therefore, in agreement with the literature, thg&'data can be interpreted as showing 
that each Cu1 binds two imidazoles, presumably forming the linear [imH-Cu- 
imH]+ complex. Often the use of lower concentrations of base reduced the rate of 
equilibration (see section 6.3.1), and the use of >0.5 mol dm-3 solutions of base 
was required in order to observe the n = 2 plot. A co-ordination number of 2 was 
demonstrated more qualitatively for NH3, pyr, (MeO)2CHCH2NH2 and 1-Ac-imH 
and a co-ordination number of 2 therefore assumed for all bases tested. Brief 
experiments in which the [Cl-] was varied 10-fold from 0.1 to 1.0 mol dnr3, in the 
presence of 1.0 mol dm-3 ethanolamine, with NaC104 added in order to keep the 
ionic strength constant ( I  -  1.0 mol dm-3), showed little variation in the Cu 
dissolved after one horn*, with copper concentrations of 5.6 x 10-3 and 7.0 x 10-3 
mol dm-3 observed in the presence of 0.1 and 1.0 mol dm-3 NaCl respectively. 
This is consistent with the two competing general equations given below 
(equations 11 and 12); i.e. there is a balance with CuB2+ suppressed with 
increasing [Cl-] and CuCl2" suppressed with decreasing [Cl-].
CuCl + 2B CuB2+ + Cl- OU)
CuCl + Cl" == CuCl2- (12)
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6.3.3 Data for the Co-ordination of N-bases to Cu1
Table 6.1 shows the N-bases studied with Cu1 along with their pKs. All 
experiments were performed at pH 12, with 1 mol dm-3 base present, in duplicate. 
The equilibration was followed with the bases indicated, and the copper 
concentrations dissolved for each base are also given in Table 6.1, and Figure 6.5.
The rates of equilibration were studied with the parent base for each family (viz. 
NH3, imH, pyr) and 3 other amines as a function of time. Equilibration required 
30-100 mins depending on the base being studied, once again emphasising the 
variability of the rates of copper dissolution. However in every case the 
equilibration was > 90% complete afer one hour and this was taken as the standard 
time throughout. It is also assumed that the major species responsible for 
dissolving the copper is the linear CuB2+,as indicated by the results for imidazole 
(see section 6.3.2). The presence of other species (e.g. dimers or polymers, three 
and four co-ordinate) is essentially ignored at this stage. Meprz+ was the only base 
which gave a coloured solution (except where Cu11 was formed), giving a red 
colour and thus a CT band at higher energy than with the Fe11 pentacyanide (blue). 
In each case (except that of prz) the surface of the CuCl turned yellow on its 
introduction to the pH 12 solution, which may indicate the substitution of CF by 
OH". Hydroxylamine and hydrazine were tested, in duplicate, in order to establish 
whether or not any significant a-effect is observed with Cu1. The results or these 
two bases are included in Table 6.1 below. The co-ordination numbers and 
equilibration times were assumed to be the same for these two species as for the 
rest of the bases tested. Acetonitrile was also found to solubilise, and therfore co-
fs
ordinate to Cu1 but, since values of Kj to K3 are known to similar, it is likely that 
with this ligand a mixture with 2 or 3 MeCN will be present in solution22 and the 
results on MeCN are not directly comparable with those on other ligands.
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Table 6.1 - Data for the Co-ordination of Amines to Cu1
Ligand pK 103.[Cu]n a log [Cu]N
n h 2c h 2c n 5.3 28 -1.54
n h 2c h 2c f3 5.7 12 -1.9
n h 2o h 5.96 22 -1.65
n h c h 2c h 2 8.0 20 -1.7
n h 2n h 2 8.12 - -b
NH2CH2CH(OCH3)2 8.9 20 -1.7
n h 3 9.25 13 -1.9
n h 2c h 2c h 2o h 9.6 14 -1.85
n h 2c h 2c h 3 10.6 8 -2.1
prz 0.37 _ _ c
4-CN-pyr 1.9 _ _ d
pyr 5.2 16 -1.8
4-NH2-Pyr 9.1 - _ d
1-Ac-imH 3.1 13 -1.9
5-Cl-l-Me-imH 5.1 13 -1.9
imH 7.1 8 -2.1
1-Me-imH 7.2 10 -2.0
tr 10.1 - _ c
a Copper concentration dissolved (mol dm'3) after one hour equilibration with 1 mol dm-3 base, 
found via the Cuu(EDTA) complex and corrected for the "blank" value; b reduced Cu1 to Cu°; c 
kinetically slow equilibration (see text); 6 too insoluble to test at 1 mol dm-3 (see text).
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(a) The simple amines
Due to the cyclisation of 2-bromoethylamine in alkaline solution (ti/2 ca 20 
mins)118 it was impossible to test this ligand under these conditions since 
cyclisation would be virtually complete by the end of an experiment. Hence, a 
sample of 2-bromoethylamine was left to stand at pH > 10 for over 3 hours in 
order to form >99% of the cyclic aziridine (pK 8.0) and this base was used instead. 
2,2,2-trifluoroethylamine behaved unpredictably (as seen before with Fe11), giving 
a low value for log [Cu] and is not discussed further. Ammonia apparently 
behaved normally (contrast Fe11), which may reflect the lesser steric constraint of 
2-co-ordinate Cu1 compared to 6-co-ordinate Fe11. The other three bases used 
were ethylamine, and its 2-substituted derivatives ethanolamine and 
dimethoxyethylamine. Aminoacetonitrile is listed as an amine, but it is impossible 
to tell whether aminoacetonitrile is binding as an amine, a nitrile or a mixture of 
the two. Hydroxylamine and hydrazine were both used to probe for the a-effect. 
Hydroxylamine was found to be comparable to the other amines tested, while 
hydrazine reduced the Cu1 to Cu°. Therefore in common with the Fe11 no direct 
evidence for the existence of the a-effect was found. The data of Table 6.1 are 
plotted in Figure 6.4 below. The slope could be represented by the equation log 
[Cu]N = -0.095.pK + -1.0, i.e. a = -0.095 Therefore these data indicate that, as 
found with both Fe11 complexes, the binding of amines to Cu1, another "soft" metal 
ion, is also virtually independent of the ligand basicity.
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Figure 6.4 - Plot of log [Cuj^ vs pK for N-bases with Cu1
(♦  - RNH2, A - 5H, Q- pyr)
(b) The 5 H  series
Kinetic studies with imH demonstrated an equilibration time of <1 hour, and this 
was then assumed for all other 5H bases tested. The co-ordination number was 
shown to be 2 for imH (see section 6.3.2) and hence a co-ordination number of 2 
was assumed throughout. Results with 1-ac-imH also suggested a relationship of 
2B per Cu. The neutral triazole could not be tested under these conditions since it 
exists at pH 12 as the triazolate anion. Since the triazolate anion equilibrated 
slowly and its negative charge (giving CuB2") would vitiate direct comparison with 
the other CuB2+ complexes, it was not studied further. The data for the 5H bases 
are also plotted in Figure 6.4. The 5H baseline could be represented by the 
equation log [Cu]N = -0.04.pK + -1.75, i.e. a = -0.04. Again these data are indicative 
of a parallel between the behaviour of Cu1 and Fe11.
131
C hapter 6 - C o-ordination o f  N -bases to the C u1 ion
(c) The 6 H  series
The 6H series proved to be the most difficult to study since the solubility of 
of
several the potential ligands is too low to be reliably tested by this method. Hence,
A
no data could be found for 4-CN-pyr or 4-NH2-pyr (solubilities <0.3 mol dnr3) or 
4-Me2N-pyr (even less soluble). Prz inhibits the dissolution of Cu by forming 
some surface layer (see Section 6.3.1) and Meprz+ was not included because of its 
positive charge. Pyridine was the only base that could be tested up to 1 mol dm-3, 
hence the main focus with the 6H bases was simply to check the apparently 
anomalous data in the literature which show that imH and NH3 have comparable 
binding constants (log p2 = 10.8139 and 10.55141 respectively), but pyr (log p2 = 
6.64)140 is much lower. Why should pyr and imH, both with sp2 hybridised N be 
so different, and yet imH be comparable with the sp3 hybridised NH3? By analogy 
with our previous results on Fe11 we expect all three to be comparable with Cu1. 
Our present results show that all three are comparable as expected.
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6.4 GAS-PHASE d-s PROMOTION ENERGIES
Published data on Ag1 and Au1 can now be combined with present results on two 
unusual and apparently related features (viz. an unusually low value of a ~ 0 and an 
unusual ability to co-ordinate MeCN in competition with water) in order to test for 
an inverse correlation between the prominence of one or both of these features and 
the d-s promotion energies. Since the d-s promotion energies follow an irregular 
pattern (i.e., in kK, Cu1 22 < Ag1 39 »  Au1 15)2 any feature which also displays 
the same irregular pattern, may indicate the importance o f the outer s orbital. A 
slope o f a ~ 0 apparently exists for Cu1 (as suggested by our data), and a slope o f a 
~ 0.4 for Ag1 (using analogous values of log p2X8 and even though no data are 
available for Au1. the results on Cu1 and Ag1 show the extended inverse 
correlation. The binding constants for MeCN could not be determined under the 
conditions o f this work with Cu1 but are available in the literature. The binding o f 
MeCN (log p2 values) follows the irregular pattern to Cu1 (3.9-4.3)20’21 > to Ag1 
(0.8)21 < to Au1 (1.6-1.8),144>145 thus showing a good inverse correlation to the 
known d-s promotion energies given above. It therefore appeai-s that both the low 
value of a ~ 0 and the high affinity for MeCN (which also appear together in the 
case of Fe11) show an inverse correlation with d-s- promotion energies and it seems 
reasonable to conclude that the increasing prominence o f both features reflects 
increasing use of the outer s orbital in forming a semi-covalent bond.
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6.5 SUMMARY AND CONCLUSIONS
A relatively quick and simple method has been developed involving the 
dissolution o f CuCl in the presence of 1 mol dm-3 B and 0.1 mol dm-3 NaCl at pH 
12, to provide a semi-quantitative means by which to compare the co-ordination of 
various N-bases to Cu1 and investigate their dependence on pK. The results enable 
the following presumptive findings;
(i) The kinetics o f equilibration in both the absence and presence of base 
revealed a number o f different patterns from apparent "sealing" o f the CuCl 
surface to an autocatalytic effect. The final equilibrium value o f [Cu] dissolved in 
the absence o f base was 8 x 10-3 mol dm-3, in broad agreement with Ahrland and 
Rawsthorne (4.7 x 10-3 mol d n r3).82
(ii) The binding of the simple amines (RNH2) appeal's virtually independent of 
the ligand basicity, giving values of a ~ 0 in common with those found with Fe11. 
This provides the first evidence that binding independent o f ligand basicity is 
probably general for "soft" metal ions. A slope of a -  0 was also observed for the 
5H family but only pyr could be determined for the 6H family.
(iii) In contrast to the data published in the literature values of log [Cu] found 
were comparable for NH3, pyr and imH, as expected in the light of the data found 
for Fe11.
(iv) Published data for the values of log p2 for co-ordination o f MeCN (viz. Cu1 
> Ag1 < Au1) showed an inverse correlation with the known gas phase d-s 
promotion energies. The decrease in the value of a to a -  0 for Cu1 (this work) and 
a ~ 0.4 for Ag1 also shows an inverse correlation with the d-s promotion energies, 
but no data aft yet available for Auk It appears that the prominence o f these two
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apparently related features reflects increasing use of the metal's outer s orbital in 
forming a semi-covalent bond.
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Chapter 7 - General Discussion
7.1 INTRODUCTION
The primary aim o f the work described here in this thesis was to develop methods 
for the determination o f binding constants for the co-ordination of N- and S-bases 
to Fe11 and Cu1, the only two soft metal ions o f the first row transition metals, 
determine values for K or [CuJ^ and establish patterns in order to study the 
interplay between the roles o f the d and outer s (and/or p) orbitals in the M-L 
bonds o f some transition metal ions (viz. Fe11 and Cu1). The approach adopted was 
to measure equilibrium constants (either K or [Cu]^) for the substitution o f co­
ordinated water by families o f N-bases (including the sp hybridised RCN family) 
and also a series o f S-bases in relation to the linear free energy relation of equation 
1.
lo g K  = a.pK + b (1)
The three main families o f N-bases chosen for the bulk o f the ligand substitution 
equilibria studied were the aliphatic amines (sp3 N), RNH2; 6-membered 
heterocyclic compounds, including substituted pyridines and some diazines (sp2 
N), 6H; and 5-membered heterocyclic compounds, including some conjugated 
anions, (sp2 N), 5H. The co-ordination of nitriles (sp N, RCN) was studied with a 
series o f nitriles, "anchored" by two bases with known pKs (viz. MeCN and 
NH2CN with pKs -10 and 1.1 respectively).
The S-bases studied all possessed sp3 hybridised S as a potential donor atom and 
included RS", RSH and RSMe and also thiolacetate (RCOS-) and thiourea (which 
is known to be protonated on S) and as a general rule they were found to behave as 
a single family. The differing potential Tt-accepting capacity o f the ligands in this 
series (from RSMe as a rc-acceptor to RS" as a rc-donor) provide a useful additional 
test for the importance o f 7c-bonding in Fen-S ligand interactions.
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7.2 GENERAL PATTERNS
7.2.1 Determination of K and [Cu]n
Although [Fen(CN)5(OH2)]3'  has been previously well studied by kinetic 
methods, equilibrium constants have generally be found by indirect methods 
(normally using kf/kr).49"51 However, a new standard procedure was devised 
through which values o f log K for the substitution o f co-ordinated H20  in the ion 
[FeII(CN)5(OH2)]3~ can be determined under equilibrium conditions. By using the 
MeCN complex, [Fen(CN)5(MeCN)]3", its greater stability in aqueous solution 
and its wider range of pH available for study (pH 3-13) enabled successful 
determination o f log K for the wide range o f ligands desired (see Section 3.3)
In principle the water soluble porphyrin Fe11 MP-8 is easier to study than the 
pentacyanide, although no equilibrium constants have been published. However, a 
smaller range o f pH is available for study (due to aggregation of the porphyrin 
rings below pH 5), and several ligands gave rise to complications which were 
probably due to dimerisation. These included hydrazine, and the RNH2 ligands 
used to test for the steric effect (see Section 4.3).
A previously published method, used to examine the equilibrium between Cu1 and 
Cl~ at pH 0, was adapted to enable the study o f equilibria with the Cu1 ion at pH 
12.82 This involved suspension of CuCl in a 1 mol dm-3 solution o f the co­
ordinating base at pH 12 and allowing the system to reach apparent equilibrium 
under hydrogen. The CuCl and soluble Cu1 complexes are in fact probably 
metastable with respect to the formation of Cu20 , but behave as an equilibrium 
(excluding Cu20 ) within the time scale of the experiment, i.e. the equilibration of 
CuCl with a N-base is relatively rapid, compared to the formation o f Cu20  which
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is slow. Values o f log [Cu]^ were determined as a means by which families of 
ligands could be semi-quantitatively compared (see Section 6.3.3).
7.2.2 Extension of the Families of N- and S-Bases
When values o f a approach zero, as found here with both Fe11 and Cu1, there is 
scope to include ligands with lower pK's where their binding is now detectable. 
The family of aliphatic amines (RNH2) was shown to include the hydrazinium 
cation (NH2NH3+, pIC -0.9) extending the range o f the amine family to ApK ca 12 
log units (from -0.9 to MeNH2, pK 10.6). No non-aromatic amines could be found 
however to fill the gap between NH2NH3+ and NH2CH2CN (pK 5.3). Similarly, 
the azine and diazine (6H) family was shown to include the Meprz+ ion (pK ca -5), 
in agreement with the findings o f Toma and Creutz 49 Therefore the 6H series 
now exists over the range ApK ~ 15 log imits from Meprz+ (pK ca -5) to 4- 
(Me2N)-pyr (pK 9.8). The range for the 5H series already exists as ApK ~  12 log 
units from 1,2,4-triazole (pK 2.1) to imidazolate (pK 14.1) No nitrile family had 
been previously studied or defined. It was found that cyanamide (NH2CN, pK 
1,0)116 co-ordinates as a nitrile to Fe11 and not as an amine and this allowed us to 
introduce a series o f nitriles as the fourth family o f N-bases. However, MeCN (pK 
-10) and cyanamide are the only two ligands for which the pKs are known, but 
with ApK = 11 an idea o f the value o f a  can be obtained. Therefore all four 
families have series which can be extended over the range ApK = 10 to 15 log 
units (see Section 3.3).
It is also demonstrated that a series o f saturated sp3 S-bases exists which appear to 
act as a "family" analogous to the amines, confirming the earlier findings on the 
co-ordination of S-bases to Fe111 M P-8.133 This work now establishes a S-base 
baseline with Fe11 in both the pentacyanide and the MP-8. The family was shown
139
Chapter 7 - General Discussion
to include the following S ligands; RS" (pK ca 10); RCOS" (pIC 5); possibly 
thiourea (pK 0, on S) which could be considered in its zwitterionic form "S- 
C(NH2)2+, and RSH (pK ca -5). Thus we now have a family o f saturated S-bases, 
providing a range ApK ~  15. Two thioethers, RSMe, were found to lie slightly 
above the baseline o f the other S-bases (by ca 0.5 log units). However, neither of 
these thioethers have known pKs (see section 5.3).
7.2.3 Patterns Established with a and b
The patterns established by this work with low-spin d6 Fe11 complement the data 
available for the low-spin d5 Fe111 and low-spin d6 Co111 ions. The different metal 
ions can be compared by examining the values o f a and b (see Table 7.1), in 
addition to other effects such as steric and the a-effect.
Table 7.1 - Comparison of values of a and b
RNHj 6H 5H
System a b a b a b Ref.
d5 Fem MP-8 0.43 -0.5 0.36 0.8 0.34 2.1 14-16
d6 Fen(CN)5 0.05 3.6 -0.06 5.0 -0.04 4.5 b
Fe1JMP-8 0.04 2.6 -0.12 3.5 0.05 3.5 b
Co111 Cbia 0.58 -2.6 0.47 0.2 0.42 1.3 13
d io Cu1 -0 .1 1 - 0.08 - b, c
Ag1 0.26 1.9 0.26 1.9 0.32 0.7 8,10,146
HgMe+ ca 0.8 ca 0 ca 0.8 ca 0 - - 147
a (aq,CN) Cbi; 8 this work; c values refer to log [Cu], no value of b can be derived.
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The data of Table 7.1 show that the "soft" metal ions studied which can co­
ordinate CO, MeCN and CH2=CH2 (viz. Cu1, Fe11, Ag1) behave in complete 
contrast to the "hard" Fe111 and Co111. In the case o f Fe11 and Cu1 the slope, a ~ 0 
and the intercept at pK = 0, b is positive (log K 2-4), while for the harder ions a is 
positive (0.3-0.8) and b is lower and often negative.13-18 The HgMe+ ion, which 
is also considered "soft" but cannot co-ordinate CO or MeCN, shows a very 
different value o f a ~ 0.8, suggesting that there is more than one component of 
"softness" in a metal ion.
7.2.4 The Steric Effect and the a-Effect
The steric effect was studied for both a -  and p-branched amines. Data available 
for the comparison o f a -  and p-branching m  given in Table 7.2 below. For Fe11, 
Fe111 and Co111 log K is suppressed with increasing steric hindrance in both a -  and 
p-branching. However for linear both Ag1 and HgMe+, the a-branched amines 
suppress log K, while the p-branched amines are suppressed very little. This effect 
could be related to the co-ordination number rather than to the size of the central 
metal. However, further data atz required, particularly values of log K for the 
planar- 4 co-ordinate d8 PtH, and also data on Cu1, before any definite conclusions 
can be drawn.
The a-effect, which is seen as an increase in log K above that expected from the 
basicity alone with both for Fe111 and Co111,13 apparently did not operate for Fe11 or 
Cu1 (in common with Ag1).7’146 This may reflect a swamping o f any log K 
enhancement by other factors (e.g. solvation energy of the incoming ligand) which 
seem to have larger bearing on the overall log K when a ~ 0. There is no a-effect 
displayed by Ag1 either,7’146 another soft metal ion and therefore it appears likely 
that there is no directly observed a-effect for the soft metals. Another significant
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difference was found in the behaviour of ammonia and hydroxylamine. Both were 
suppressed for Fe11, but found lie on the baseline with Cu1. This may also reflect a 
steric effect generated by their larger solvation shells which reduces log K with the 
6-co-ordinate Fe11, but not with the 2-co-ordinate Cu1 complexes. Both ligands 
behave as expected with both Fe111 and Co111, with hydroxylamine demonstrating 
the a-effect13 (see Sections 3.3.4, 4.3.2 and 6.3.3).
Table 7.2 - Comparison of Data for the Steric Effect
log K log K log K log p2 log [32 log p2
Base Fe1113 Co111 b FeIlc Ag+ HgMe+ PtUd
a MeNH2 4.0 ca6 4.3 3.5 7.57 8.6
Me2NH 2.7 3.4 3.0 2.7 6.76 8.0
Me3N ca 0 <1 2.7 1.6 5.05 ca 5.5
P EtNH2 3.65 5.3 3.7 3.44 7.64 -
iPrNH2 1.5 <1 3.4 3.64 7.56 -
tBuNH2 <0.5 <1 2.3 3.69 7.52 -
Ref. 13 29 e 30-34 35 36
a MP-8; b (aq, CN) Cbi; c [Fe(CN)5(H20)]3"; d /ram-[PtCl2(C2H4)(H20)]; e This work.
7.2.5 Pattern of d-d Bands with Fe11 pentacyanide
It is shown that the A,max of the d-d bands of complexes formed with the Fe11 
pentacyanide follow a regular pattern. It was found that CO < CN" < all sp RCN < 
all sp2 6H and 5H < all sp3 RNH2 < H20 . The fact that CO is in the same place in
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the spectrochemical series, relative to CN-, for both Fe11 and Co111,148 suggests that 
there is no significant ^-bonding involved to CO, since CO and CN“ would be very 
different in their 7x-acceptor capacities and Fe11 ad Co111 very different in their n- 
donor capacity. If  a significant amount of rc-character was involved in the binding 
o f CO (but not CN") one would expect its position in the spectrochemical series to 
change for each different metal ion (see Section 3.3.1).
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7.3 COMPARISONS OF PRESENT AND PUBLISHED DATA
7.3.1 Values of a and b found with Fe11
During the course o f this work several significant patterns and correlations have 
been observed, which allow many conclusions to be drawn. It is conclusively 
demonstrated that a ~ 0 (i.e. independent o f ligand basicity) for Fe11 pentacyanide 
complexes with ligands o f the RNH2, 6H, 5H and RCN families. Values of b were 
determined as ca 2 for RCN and ca 4 for the other families, while all plots covered 
wide ranges of pK, with no evidence of curvature. These plots showing a ~ 0 are 
in total contrast to the plots o f Fein and Co111 where the values o f a are positive 
and the values of b are low and often negative. Since this work shows that all 
series, including RNH2, have similar slopes with Fe11, it is evident that the values 
o f a ~ 0 are not attributable to the action o f 7i-bonding, in contrast to the conclusion 
o f Toma and Creutz.49 This is consistent with the increasing amount o f data (cf. 
Ag1 and Au1 carbonyls, and Cu1 carbonyls in the gas-phase) which provide little or 
no evidence of 7i-bonding even to CO (from 13C NMR and IR evidence).45-48
In addition it is shown that the Fe11 pentacyanide co-ordinates RS-, thiourea, RSMe 
and RSH, all with very different potential 7i~acceptor capacities, with very similar 
values o f log K. Thus it seems that these very different S-bases all form part o f the 
same family, also with a ~ 0. This is in contrast to data now available for S-bases 
co-ordinating to Fein MP-8 where a ~ 0.7,133 with some evidence o f curvature 
below pK 4. Once again the similarity between bases with differing Ti-accepting 
abilities suggests further that no Ti-bonding occurs.
Parallel studies employing the Fe11 MP-8 system produced a less extensive data 
set, due to problems associated with dimerisation and aggregation. However, in 
general the patterns observed were very similar to those established with the
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pentacyanide. Values o f a ~ 0 were found for all four families of N-bases, 
although values o f b were ca 2 log units lower. This also proved to be the. case for 
the series o f S-bases studied. Therefore it is deduced that the co-ordination o f 
families of bases with a ~ 0 and b = 2-5 (i.e. definitely positive) is a general 
characteristic o f the "soft" low-spin d6 Fe11 ion, independent of its ligand 
environment, and that the observed patterns reflect a-bonding with little or no 
effect of Ti-bonding (see Sections 3.3, 4.3, 5.3 and 6.3).
7.3.2 Comparison of Fe11 and Cu1
Fe11 and Cu1 are the only "soft" metal ions available in the first row transition 
metal series, sharing several unusual features which are well known. Both ions are 
able to co-ordinate ligands such as CO, CH2=CH2, PR-35 SR2 and MeCN in 
competition with water,6 and this work demonstrates that both ions give similar 
values o f a ~ 0 (in the case o f Fe11) for the RNH2 family as well as the 6H and 5H 
families. Therefore it is evident that values of a ~ 0 are characteristic o f "soft" 
metal ions.
These two ions also share the ability to co-ordinate CO, unique amongst the first 
row transition metals. The co-ordination of CO, as well as MeCN, by Fe11 and Cu1 
may simply reflect that in cases where a ~ 0, bases with very low pKs can be co­
ordinated. Recent work on complexes in the gas phase, including CuCO+, has also 
shown that ti-bonding is relatively unimportant in all but zero-valent metals.149 It 
is therefore interesting that published data indicates that with the Fe11 pentacyanide 
CN" (pIC 9.1) co-ordinates with log IC ca 10,109 and an estimate for the binding 
constant o f CO (pK < -10) is also available, giving log K ca 10 also.115 This 
suggests that a family of ligands with sp hybridised C as the donor may exist with 
a ~ 0 and b ca 10 (i.e. two ligands with pKs ca 20 log units apart with near
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identical log Ks), although clearly further data is required. No analogous data for 
log K or {32 is available for Cuk
7.3.3 Comparison of Solution Data with Gas Phase d-s Promotion Energies
Recent gas phase work, has demonstrated that a good inverse correlation exists, in 
both the first and second row transition metal ions (M+), between the M-H and M- 
Me bond dissociation energies and their respective d-s promotion energies.3 This 
clearly demonstrates that as the d-s promotion energy becomes lower, the strength 
o f the M-H or M-C bond increases, thus indicating that the outer 4s orbital is 
important in the bonding.
This can be taken a stage further, by examining the d-s promotion energies (in kK) 
o f the d 10 M+ ions, which show an irregular pattern down the group: Cu1 (22) < 
Ag1 (39) > Au1 (15).2 By comparing the variation of two unusual features o f the 
"soft" Fe11 and Cu1, viz. the ability to co-ordinate MeCN and a ~ 0, the same 
pattern appears to be followed for log (32 values for the co-ordination o f MeCN to 
Cu1 (3.9 - 4.3)20’21 > Ag1 (0.8)21 < Au1 (1.6 - 1.8),144’145 and probably for the 
values o f a for the co-ordination o f RNH2, Cu1 (ca 0) < Ag1 (0.2 - 0.4, for log K  or 
log P2),8’10 but no data are available for Au1, i.e. an inverse correlation exists 
between the increasing prominence o f the features and the d-s promotion energies. 
For the divalent d 10 M2+ ions, the unusual stability of Hg-C and Hg-H bonds has 
also be rationalised in terms o f the d-s promotion energies, which may vary in the 
order Hg2+ «  Zn2+ ~  Cd2+2
Therefore we now have sufficient data to conclude that all three of these 
phenomena (high log K/p2 for MeCN, low values of a, and unusual stability of 
Hg-C/H bonds) become more prominent when the d-s promotion energies are low.
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The formation of very covalent bonds with Hg11 has already been ascribed to 
extensive use o f the outer s orbitals,6 and thus it seems likely that the co-ordination 
of MeCN and low values o f a are also indicative of significant covalency using the 
outer s orbitals.
7.3.4 Comparison of d6 and d10 ions
The comparison o f the d6 and d 10 ions can be divided into two categories, those of 
lower oxidation state (M11 and M1) and those of higher oxidation state (Mni and 
M11). In the lower valency ions, it has been demonstrated here that the d6 Fe11 and 
d 10 Cu1 show remarkable similarity in their behaviour and are the only two soft 
metal ions in the first row transition metals. Their ability to co-ordinated ligands 
such as MeCN, CO, CH2=CH2, PR3 and SR2, and low values of a are however 
paralleled by heavier metals from the second and third transition series. In 
addition, Ru11 and Os11 can also co-ordinate N2 and N20 ,43>44 which is unique 
among all transition metal ions. This shows that the heavier d6 M11 ions are 
probably "softer" still. No basicity plots however are available for these ions, but 
the pKc for the protonation o f ethylenediamine co-ordinated to Ru11 is very similar 
to that of free ethylenediamine, and thus indicating a slope of a ~ 0 .150 The 
similarities between Cu1 and the heavier d 10 M1 ions have already been discussed. 
In addition to MeCN, it is now known that CO can be co-ordinated to Cu1, Ag1 and 
Au1.45-48
In the higher valent d6 and d 10 ions the similarities continue, albeit with very 
different patterns than the lower valent ions. In the d6 Co111 data available clearly 
demonstrates values of a ca 0.5 and in addition a number of stable Co-H and Co-C 
bonds are known (e.g. Me-corrinoids and [Co(CN)5H]3-) 43 The heavier ions 
parallel this behaviour with pKc for imH and trH co-ordinated to RhIn(NH3)5
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indicating a high value o f a ca 0.75,15 L152 while for both Rhm and Ir111, M-C and 
M-H bonds are probably more stable than those of Co111.137 This behaviour is 
shown by d lb  Hg11; the available data indicate a high value o f a (ca 0.8) for the co­
ordination o f amines to HgMe4',147 while several very stable examples of Hg-Me 
and Hg-H bonds are known (HgMe+, HgMe2 and MeHgH).41>43
The remarkable parallels between the d6 and d10 ions, in both higher and lower 
oxidation states, would suggest some common denominator in the more covalent 
M-L bonds, as has been shown by the inverse correlation between this data and the 
known gas-phase d-s promotion energies for the d 10 ion.6 This is demonstrated by 
three key features, stable M-H and M-C bonds for the higher oxidation states, and 
a ~  0 and high log K/p2 values for the co-ordination of MeCN and CO in the lower 
oxidation states. Therefore even considering the differences in co-ordination 
number of the octahedral d6 and the linear d 10 complexes, the obvious conclusion 
is that the filled t2g sub-shell (d6, M11 and Min ions) and the filled d shell (d10 M1 
and M n ions) behave in a very similar fashion in the way that they interact with 
ligands. Therefore this implies that there is a far more extensive utilisation o f the 
outer s orbitals in these d6 ions than has been recognised, in agreement with the 
recent gas phase work on the d-s promotion energies.
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7.4 SUMMARY AND CONCLUSIONS
The work presented here in this thesis has shown that the systematic study o f 
families o f ligands (with no complicating factors such as steric and a-effects), 
through the use o f basicity plots and the linear free energy relationship o f equation 
(1), allows us to study the changes in a and b with different metal ions and this 
provides an interesting and useful approach to the study of M-L interactions. In 
addition it allows us to compare and contrast hard and soft metal ions and also 
enables us to assess the role of 7i-bonding.
The most important experimental finding of this work is that "soft" metal ions such 
as Cu1 and low-spin Fe11 (and also Ru11), which are able to co-ordinate CO, MeCN, 
olefins and phosphines in competition with water, exhibit values of a ~ 0 (i.e. pK 
independent) with families o f both saturated and unsaturated N-containing ligands, 
saturated S-containing ligands and perhaps even triply bonded C-ligands, which is 
in complete contrast to the positive values of a so far reported for all other metal 
ions. Furthermore the basicity plots observed for Fe11 demonstrate a good linearity 
over exceptionally wide pK ranges (up to ApK ca 15), which suggests that the data 
presented aft. meaningful. It is this pK-independence (a ~ 0) for apparently ail 
families o f ligands which allows the co-ordination of ligands with very low pK (< 
"10 as in MeCN and CO) to be observed.
However, it is clear that in order to get a far more comprehensive picture there is a 
need to extend these studies to include some heavier metal ions such as d6 Runand 
d8 Pt11 and d 10 Au1, and also to extend the survey to other families of ligands 
especially to a series o f carbon ligands. So far these studies have focused on the 
use o f equilibrium constants (K and p2), thus values of AG, in order to 
establish the basic patterns. Therefore further work is also required in order to
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separate out the relative contributions o f AH and TAS and thus enable further 
elucidation these basic patterns.
This general approach has enabled comparison between the patterns established 
with the a-only ligands, such as RNH2 and RSH, and those established for the 
potential 7r-acceptor ligands such as the substituted pyridines, MeCN and CO. It 
has also enabled comparison between the low spin d6 ions (for which the d-s 
promotion energies are not known) and d 10 ions for which the gas-phase d-s 
promotion energies are known. These two comparisons have provided a set of 
patterns and correlations which are most logically interpreted as supporting the 
conclusions o f recent gas-phase and theoretical work, which have strongly 
suggested that both the outer s orbitals are far more important in the M-L bonding 
and the M-L tt-bonding less important, even in M-CO complexes (except with 
zero valent metals) than previously realised. In other words there appears to be 
good reason for placing a much greater emphasis covalent cr-bonding and 
decreasing the emphasis o f M-L 71-bonding.
This thesis has provided a systematic study of M-L bonding of "soft" metal ions 
with "hard" and "soft" ligands. The approach has provided a means through which 
we can begin to link the data now becoming available for single ligand complexes 
in the gas phase to data provided by studies on multi-ligand complexes in the 
condensed phase.
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Appendices
A ppendix 1
Data for the C o-ordination o f N-bases to Fe11 Pentacyanide
(all determined via the MeCN, except the RCN family determined via the aqua)
Ligand pIC
, , ------------------  _
i^nax log K
r n h 2 hydraziniun cation -0.9 403 3.7
sulfamate 0.9 - <0
aminoacetonitrile 5.3 396 4.01
hydroxylamine 5.96 ca 400 <2.2
2,2,2-trifhioroethylamine 5.7 394 3.42
ethylenediamine cation 7.3 400 4.4
p-aminopropionitrile 7.7 396 4.23 !
hydrazine 8.12 398 4.77
2-bromoethylamine 8.49 398 4.16
ammonia 9.25 397 3.5
glycine 9.6 394 3.6
ethylenediamine 9.9 397 3.9
methylamine 10.6 398 4.3
ethylamine 10.6 ca 400 3.7
i-propylamine 10.6 ca 400 3.4
t-butylamine 10.6 ca 400 2.3
dimethylamine 10.6 ca 400 3.0
trimethylamine 9.76 ca 400 2.7
6H methylpyrazinium -5 660 5.6
pyrazine 0.37 457 5.0
4-cyanopyridine 1.9 475 4.7
pyridazine 2.3 443 4.8
pyridine 5.17 370 4.8
4-picoline 6.02 357 4.7
4-(dimethylamino)pyridine 9.8 -315 4.7
2-picoline 6.0 359 1.2
5H triazole 2.3 384 4.4
1 -acetylimidazole 3.6 383 4.3
5-chloro-1 -methylimidazole 5.1 386 4.3
imidazole 7.1 383 4.4
1 -methylimidazole 7.2 382 4.3
triazolate anion 10.1 383 4.0
RCN aminoacetonitrile cation - 370 3.3
acetonitrile -10 375 2.6
cyano acetic acid - 368 2.4
cyanamide 1.1 375 2.3
1 -methyl-4-cyanopyridine - 550 4.9
benzonitrile - 345 3.9
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A ppendix 2 
Data for the C o-ordination o f N-bases to Fe11 M P-8
Ligand pK \'hnax log K
r n h 2 aminoacetonitrile 5.3 412 3,0
2,2,2-trifluoroethylamine 5.7 412 2.3
p-aminopropionitrile 7.7 414 2.9
2-bromoethylamine 8.49 414 3.0
ammonia 9.25 415 2.1
glycine 9.6 414 2.4
methylamine 10.6 416 3.1
ethylamine 10.6 -
^propylamine 10.6 - -
t-butylamine 10.6 - -
dimethylamine 10.6 - -
trimethylamine 9.76 - -
6H methylpyrazinium cation -5 412 5.6
pyrazine 0.37 411 4.8
4-cyanopyridine 1.9 411 4.6
pyridazine 2.3 412 4.1
pyridine 5.17 413 4.0
4-picoline 6.02 413 4.3
4-(dimethylamino)pyridine 9.8 415 3.9
2-picoline 6.0 - 1.0
5H triazole 2.3 413 3.6
1 -acetylimidazole 3.6 416 3.7
5 -chloro-1 -methy limidazole 5.1 414 3.8
imidazole 7.1 416 3.8
1 -methy limidazole 7.2 415 3.9
triazolate anion 10.1 414 3.0
RCN acetonitrile -10 ca 414 1.0
cyanamide 1.1 ca 414 0.7
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A ppendix 3 
Data for the C o-ordination o f S-Bases to Fe11
FeU MP-8 FeH (c n )5
Ligand pK lo g K ^max log K ^max
dithioerythritol ca -5 3.20 414 5.05 395
cysteine ca -5 - - 5.50 395
methionine ca -5 2.75 415 5.55 393
N-acetylmethionine ca -5 2.85 415 5.20 393
thiocyanate -2 ~0 416 2.5 390
thiourea 0 1.9 414 4.5 403
o-ethylxanthate 1.5 - - - -
thiosulphate 2 <0 -415 -1 >385
thiolacetate 3.4 2.65 416 - -
dithioerythritol anion 9.1 2.7 415 4.2 394
cysteine anion 9.2 2.1 415 4.65 391
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A ppendix 4 
Data for the C o-ordination o f N-bases to C u1
Ligand pK log [Cu]N
r n h 2 aminoacetonitrile 5.3 -1.54
2,2,2-trifluoroethylamine 5.7 -1.9
hydroxylamine 5.96 -1.65
aziridine 8.0 -1.7
dimethoxyethylamine 8.9 -1.7
ammonia 9.25 -1.9
ethanolamine 9.6 -1.85
ethylamine 10.6 -2.1
6H methylpyrazinium cation -5 -
4-cyanopyridine 1.9 -
pyridine 5.17 -1.8
4-aminopyridine 9.1 -
5H 1-acetylimidazole 3.8 -1.9 !
5-chloro-1 -methylimidazole 5.1 -1.9
imidazole 7.1 -2.1
1 -methylimidazole 7.2 -2.0
triazolate anion 10.1 -
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